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FOREWORD 


Darwin changed the whole course of thought on the evolution of 
animals and plants by turning to the breeders and fanciers of our 
garden crops and domesticated animals in order to obtain a clue 
which would lead to an understanding of the mechanism of varia- 
tion and inheritance. Before Darwin, Thomas Andrew Knight’s 
work with fruit and othe^ horticultural plants had provided some 
of the earliest examples of controlled breeding ; just as boss’s and 
Laxton’s experimental breeding of the garden pea foreshadowed 
a method of investigation of problems of inheritance, and yielded 
results which did not receive their full explanation until the present 
century. It was by experiments with garden crops again that 
Mendel laid the foundations of the science of genetics, which deals 
with the heredity principle invoked by Darwin in his evolutionary 
theories. The geneticist is not concerned with evolution, though 
he is always providing material which the student of evolution 
must take into account, and indeed himself can hardly avoid 
speculating about evolution. But primarily he is concerned with 
a more limited field in which exact knowledge is growing from year 
to year. On the one hand, genetics is extending its range in the 
way it is linking up with other pure sciences , on the other, it is 
offering greater potentialities to the practical plant-breeder. 

During the present century we have learnt to regard the 
chromosomes as made up of the unit bearers of heredity, and on 
that view have arrived at a much more constructive basis for 
investigation of the laws of inheritance. Most of the early 
investigations by which the main principles of mendelian inherit- 
ance have been demonstrated have been concerned with plants of 
a comparatively simple constitution in which the characters are 
the ex2:)ression of a single pair of genes. There has been some* 
disappointment that experimenters with many of our g^^rden 
plants did not find them behave in the simple way that they had 
been led to expect from mendelian theory. Inheritance there 
clearly was, but often it seemed to be in the nature of the gradual 
building-up or intensification of a character instead of the clear-cut 
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presence or absence expected on mendelian principles* Elucidation 
of this point came with the discovery that many of our cultivated 
plants — for example, wheat and oats, the potato, the dahlia, the 
apple and the strawberry, are polyploids in which the genes 
governing any character may be repeated many times over. 

It follows that the genetic analysis of such plants is a long and 
complex process, to complete which is very often impracticable, 
though enough can be done to demonstrate that inheritance is 
proceeding upon orderly lines in accordance with expectation. 
It is very necessary, therefore, for the practical plant-breeder to 
become acquainted with this new knowledge and the lines of work 
it dictates, sometimes by way of guidance along a tangled path, 
sometimes as a warning against a bhnd alley. 

But as the work dealing with such plants as are of interest 
to horticulturists and fruit-growers is scattered through many 
journals, English and foreign, it is not easy for the plant-breeder, 
busy with practice, to keep track of all that has been published 
on his subject. The authors of this book therefore, Mr. Crane and 
Mr. Lawrence, have endeavoured to bring together under one cover 
an account of investigations dealing with the plants of the garden 
and the orchard that have a bearing on the practice of the plant- 
breeder who is aiming at results of economic value. B >th the 
authors come to their subject with an exceptional foundation of 
practical experience and are familiar with the practical man’s 
point of view. Singly or jointly they are the authors of some 
of the most illuminating investigations on the constitution and 
breeding of certain of our fruits and garden plants. Thus they 
are fitted, as few other men are, to be guides to the practical plant- 
breeder in this important field. They learned their science from 
our great English pioneer in genetics, William Bateson ; they have 
worked for years under the favourable conditions afforded by 
the John Innes Horticultural Institution. They speak with 
authority, and I count myself favoured in that I have in some 
degree been associated with their work. 

A. D. HALL 

Merton 
August 1934 



FOREWORD TO SECOND EDITION 


It is less than four years since I uTote the foregoing introduction 
to the work that Mr. Crane and Mr. Lawrence had written. Not 
only has that edition rapidly become exhausted but the progress 
of genetical science has been so great within that brief period 
that considerable additions and occasional rewriting have been 
required to bring the book up to date. These changes are in 
themselves evidence how considerable is the interest in this 
branch of science and how much constructive work is being done. 
Students of pure science realise how genetics, in conjunction with 
cytology, is elucidating the structure and functions of the cell, 
on which depend the nature and sequence of all vital actions. 
The plant-breeders, working with the guidance supplied by the 
investigators of genetics, are enabled to supply the practical man 
with varieties capable sometimes of greater yields, sometimes of 
finer quality, sometimes resistant to disease. This new edition 
of Mr. Crane’s and Mr. Lawrence’s book will put the reader in 
touch with the recent developments of plant genetics and par- 
ticularly with their applications to horticulture. 


March 1938 


A. D. HALL 




PREFACE 


The aim of this book is twofold : first, to give an introduction 
to the essential principles of genetics and cytology ; and secondly, 
to give an account of recent results in relation to horticulture 

The cytologist studying the life-history of the cell and the 
intricate processes of germ-cell formation, and the geneticist who 
is concerned with the consequences of these processes, have in 
recent years elucidated a number of problems which directly 
concern the horticulturist. To those engaged in the breeding 
and raising of productive forms of commercial value, the chromo- 
somes, the principal vehicles of heredity, are of first importance. 
Not only are they concerned with the identity of the individual, 
but they also decide whether the resulting offspring will be fertile 
and productive, or highly sterile and of no commercial value. A 
knowledge of chromosome numbers and relationships therefore 
can be of great assistance when considering the practical possi- 
bilities of obtaining improvements through the inter-crossing of 
distinct forms. 

The science of genetics has a wide horticultural application ; 
it is of value to the plant-breeder, seedsman and gardener in 
providing a detailed knowledge of variation and heredity, and 
guidance in the maintenance of purity in their stocks. Genetics 
may also be of value to the nurseryman whose business lies in 
the vegetative reproduction of plants. Many of them are of a 
peculiar chimerical constitution, and their behaviour both in 
sexual and asexual reproduction is of practical importance. 
Again, since effective pollination is a first essential for the for- 
mation of fruit, to obtain the best result the fruit grower must 
interplant varieties which are mutually compatible. 

Our knowledge of the genetics of polyploids has been largely, 
developed from investigations with horticultuial plants, hence 
the genetics of garden plants is of direct interest to the student 
of genetics as well as of use to the plant-breeder and horti- 
culturist. 

The literature reporting the results of genetic and cytological 
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investigations is very considerable and often difficult of access, 
and friends and correspondents have often expressed to us the 
need for a book which will bring together recent results and 
provide an account of modern genetics in relation to orchard and 
garden plants. With this object in view we have prepared the 
text which follows. ^ 

From the wealth of material available it is impossible, in the 
space at our disposal, to refer to more than a small proportion of 
the investigations that have been carried out with horticultural 
plants. Our plan, therefore, has been to describe principles as 
simply as the technicalities of our subject will allow, illustrating 
them with typical examples from a range of flowers, fruits and 
vegetables, and to give references to the original sources of infor- 
mation which may be of interest to the specialist or student. The 
book will, we hope, serve as an introduction to the science of 
genetics, and particularly in its application to horticulture. 

We are indebted to many friends, and particularly to our 
colleagues at the John Innes Horticultural Institution, for much 
valuable information and helpful criticism. Mr. A. M. Massee, 
Professor R. C. Punnett, Miss E. R. Saunders, Dr. B. Ruys and the 
late Mr. W. Cuthbertson kindly provided us with information on 
special points. We have to thank Miss Brenhilda Scha/er for 
assistance in the preparation of the manuscript, and Messrs. 
H. C. Osterstock and A. F. Emarton for the preparation of the 
illustrations. We are also indebted to the authors and publishers 
mentioned in the text for their kindness in allowing us to repro- 
duce illustrations. 

M. B. C. 

Merton W. J. C. L. 

August 1934 


PREFACE TO THE SECOND EDITION 

This edition has been emended and revised in accordance with 
recent research. The principal alterations and additions are as 
follows ; 
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Chapter I : The account of pure lines and lethal genes has 
been rewritten and that of Qualitative and Quantitative characters 
added. Chapter IJ : Linkage in Zea Mays added, Chromosome 
ring formation extended. Chapter III : Chromatid segregation 
rewritten, multiple genes added. Chapter IV : Ins species, 
genetics and cytology, added. Chapter V : This is a new chapter 
describing the chemical and genetical basis of flower colour. 
The account of Dahlia variabilis. formerly in Chapter IV, has been 
emended and embodied in Chapter V. Chapter VI : Genetics 
of Melons added, account of heterosis expanded. Chapter VIII : 
additional examples given of bud-sports and chimaeras, 2x and 
forms in pears, etc. Chapter IX : Recent results of genetics of 
incompatibility in diploid and polyploid plants added. Xenia 
described, and the account of this phenomenon extended. 
Chapter X : Relationship of chromosomes and fertility extended. 
Chapter XI : Rewritten and enlarged. Chapters VI to XI were 
formerly Chapters V to X. The chromosome numbers of the 
plants referred to in the text have been arranged and tabulated in 
Appendix I. 

We are again indebted to our colleagues for valuable informa- 
tion, often of unpublished results, and especially to Mr. J. R. Price 
and Dr. P. T. Thomas for assistance in the preparation of Chapter 
V and Appendix I respectively. We are also indebted to the 
various authors acknowledged for the use of illustrations. 

M. B. C. 

W. J. C. L. 

March 1938 
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CHAPTER I 


THE GENETICS OF 13IPLOID PLANTS 

Since individual ])Jant8 all grow old and die, one of the main 
objects of the horlirulturist is the production of new individuals 
to peri)etuate their kind. 

This may be achieved by asexual (vegetative) propagation, 
e.g., by means of (Mittings, grafting, division of the rootstock, etc., 
oi* by sexual reproiiuction as in the normal method of raising 
plants from seed. Vegetative propagation is particularly useful 
when a large number of individuals is required identical in their 
main characteristics, such as flower colour, height and habit. On 
the other hand although many plants may be reproduced from 
seed with considerable uniformity, sexual reproduction is of the 
greatest importance in giving rise to variety of form from which 
new and improved selections may be made. Vegetative propa- 
gation is usually adopted when a plant is sterile, does not breed 
true or is more quickly raised to maturity by vegetative means 
than from seed. 

Genetics 

The st\idy of uniformity and variation, of resemblances and 
differences between plants and the frequency in which the 
characters constituting tliese resemblances and differences appear 
from generation to generation, is the business of the geneticist, 
whose work therefore is of immediat(^ importance to the raiser of 
plants. 

Cytology 

Ultimately all individuals ow'c their identity to certain 
materials received from their parents. In all plants and animals 
this material is present in every cell, but its transmission from one 
generation to another depends upon the production of specialised 
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cells, in plants the pollen and egg-cells — the male and female 
germ-cells respectively. It is by the fusion of these specialised 
cells in fertilisation that the parental characters are combined. 
Therefore it is to a study of the cell that we must turn for a 
knowledge of the mechanism of heredity, by which the characters 
of the parents are transmitted to their offspring. The study of 
the cell, its constituents, mode of multiplication and function in 
the alternation of generations is the business of the cytologist. 
A knowledge of cytology is fundamental to an understanding of 
the processes and principles of heredity and evolution which, in 
turn, are the result of the interaction of the cell with its environ- 
ment. 

Hereoity 

When we compare the characters and qualities by which we 
identify the individual plant, we find that, in many ways, offspring 
resemble one or both of their parents. In other ways they may 
differ from both parents. Closer comparison frequently shows 
that various characters are alternative and sharply discontinuous, 
e.g., white or coloured flowers, red or yellow fruits, annual or 
biennial habit, single or double flowers, etc., etc. Often a given 
individual shows one or other of the alternative characters seen in 
its parents, but not infrequently a third intermediate condition 
is found. Occasionally an entirely new character may appear 
suddenly in an individual and be transmitted to its progeny. 
That these phenomena are not fortuitous is now clearly recognised, 
and by suitable methods of study under controlled conditions the 
laws of inheritance have been developed and a knowledge of the 
mechanism of heredity obtained. 

In general the higher plant arises from the union of two 
germ-cells — the pollen and ovules ^ ; in the act of fertilisation, 
therefore, the units of inheritance must be carried by each of these 
cells. But examination of the microscopic germ-cells is a tedious 
process, and so we turn to the expression of the units of heredity 
as manifested in the growing or mature plant for an easier way of 
approach to the study of inheritance. 

In Prunus persica, there are varieties with downy skins to the 
fruit (peaches) and others with smooth-skinned fruits (nectarines). 
Downy skin and smooth skin constitute a pair of alternative 
• ^ The ovules are the bodit^s which contain the female germ -cells. 
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characters between which there is no intermediate form. If we 
cross a >rue-breeding peach with a nectarine, the first generation 
(Fi) are all peaches. So far there is no evidence that the smooth- 
fruit character has been passed on to the progeny ; but if any 
of the Fi now be self-pollinated or crossed together, in the next 
generation (F2) nectarines reappear in a proportion of about 
one-quarter of the total progeny. 

From this it is evident that the Fj plants must have carried 
something which determined the smooth-skinned character in the 
following generation, although they themselves were peaches. 
Similarly, since all the Fi plants had downy skins, something 
determining this character must have been passed on to them 
from their peach parent. This something is called a factor or 
gene. 

The Gene 

The gene is the unit of reproduction in the hereditary material ; 
and a character the end result of a long and complex chain of 
reactions which, initiated in the genes, cause the production of the 
character under favourable environmental conditions. For ex- 
ample, it would be said that the downy -skinned character wps 
the end result of the action of a particular gene (or genes) and that 
this gene had the property of causing hairs of a certain kind to 
form at a particular period of the plant’s development and upon a 
certain portion of the plant. In the case of the nectarine we 
should say that the character distinguishing it from the peach was 
determined by a gene for smooth skin. The fact that a gene 
(which we may denote by the letter D) causes hairs to form on 
the fruits of the peach must not be taken to mean that this is 
the only function of D, or that D independently is able to cause 
hairs to develop. What it does mean, however, is that the gene 
D is identified by its most conspicuous effect and that if D is 
absent the effect will not be produced. Thus peaches breed true 
to downy skin not merely because they contain the gene D but 
because their germ-cells contain all the genes necessary for the 
development of the peach character. 

A given character may be the expression of one or many genes, 
and depend not only on the specific, action of one or more genes, 
but also upon the interaction of all the other genes and of the 
genes with the environment. Furthermore, the effect of a gqpe 
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may be expressed in more than one character. Thus a character 
may vary in its expression (1) according to the genetic back 
ground (i.e. the influence of the other genes present), (2) accord- 
ing to the environment. 

The precise nature of the gene is at present unknown but 
it seems probable that it is a highly complex chemical molecule 
or group of molecules with the charai^teristic power of self- 
reproduction. From a genetic point of view it is therefore evident 
that a plant is a double structure derived from the union of two 
cells carrying similar or dissimilar genes, the identification of which 
depends upon the study of differences (e.g., downy v. smooth skin). 

Dominance 

We saw that the Fj })lants from i)each x necd.arine were all 
peaclK'S. Since nectarines appeared in the Fg it is clear that the 
Fi plants must have carried the gene for smooth fruit though 
they thcfiiselves were peaches. When one of a pair of alternative 
characters dominates the other in the development of the individual 
it is said to be a dominant character, whilst the other is said to be 
recessive. 

Segregation 

If Fg generations are raised by self-pollinating individual Fg 
peaches and nectarines, we find that all the nectarines breed true. 
The peaches, however, are of two kinds ; some breed true whilst 
others behave like the Fi plants, giving approximately three 
peaches to every nectarin(\ As Gregor Mendel showed in his 
classic experiments on the edible pea, results such as these can 
be interpreted on simple fundamental laws whi(;h are practically 
universal in application. 

Mendel studied pairs of alternative characters (e.g., round and 
wrinkled seeds, tall and dwarf habit, etc.) and as a result of his 
investigations he enunciated three principles of heredity, (1) 
dominance, (2) unit characters and (3) segregation. Mendel’s 
experimental methods and his discoveries were a great advance 
on previous work and for the first time provided a satisfactory 
basis for the study of heredity. Since his day, however, a greater 
knowledge of the mechanism of heredity has been obtained and his 
laws have been more accurately defined. In consequence the 
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necessary modifications lave been matie in the 
follow. Thus, referring to pur peach- nectarine ex 
can be interpreted on the assumption that the 
for downy skin, and another (alternative) gene (d) for smooth 
skin ; and that these genes occur in equal numbers in the germ- 
cells or gamefe/t > of hybrid (cross-bred) plants. That is to say, 
at gamete formation there is an orderly distribution oi segregation 
of the genes to separate gametes, so that a gamete may carry 
either of the genes D and d, but not both. This is Mendel’s law 
of segregation, which, though it must be qualified for complex 
cases, holds for all plants (and animals) of simple constitution. 
The result of crossing peaches and nectarines can be represented 
by the following diagrammatic scheme (Fig. 1). 


examplM whidi 

tnnple the iwniltf 
e ia a grae (D) 




(Jenii-cells D or d 


Possible combinations 

of Fi germ-cells DD Dd dD dd 


F 2 IDD : 2Dd : Idd 

\ 

\ 

peach, jicach, nectarine, 

breeds true breeds as breeds true 
Fj hybrid 

Fig. 1 

Since the pollen and ovules of the Fj plants carry D and d in 
equal numbers, a moment’s consideration will show that when 



^ Gamete —marrying cell. 
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union of the gametes occurs in fertilisation to form a new individual 
or zygote ^ there are three possible combinations of the genes, viz. 
DD, Dd and dd, and of these the Dd class will be twice as large as 
the others. Because of the dominance "of D the Dd class cannot 
be distinguished from the DD class, so that we have three peaches 
to every nectarine. The homozygous classes DD and dd breed 
true because their germ-cells carry only D and d genes respectively, 
but the heterozygous Dd class will continue to segregate peaches 
and nectarines in the proportion 3:1. Alternative genes such as 
D and d are called allelomorphs. 

If we back-cross any Fi individual (Dd) with the nectarine (dd) 
parent, i.e. the recessive parent, equal numbers of peaches and 
nectarines will be obtained. In the hybrid the gametes are 
produced in equal numbers, ID : Id, which uniting with the 
d gametes of the recessive nectarine give Dd and dd plants in the 
proportion 1:1. This back-cross ratio directly shows all the 
different kinds of gametes and the proportions in which they occur, 
i.e. the gametic series of the Fi plant. For this reason the back- 
cross to the recessive parent is an invaluable method of analysing 
the genetic constitution of a hybrid individual. 


Pitre Lines 

The progeny of homozygous plants constitute a pnre^ line the 
individuals of which, as shown by Johannsen (1911) in his classical 
experiments with beans, may fluctuate slightly in regard to the 
characters concerned owing to nutritional, environmental or other 
non -heritable causes, but breed true within the limits of fluctua- 
tions. 

By self-fertilising a number of plants of the Princess bean and 
growing their progenies separately, Johannsen was able to 
establish a number of strains whose seeds exhibited a characteristic 
mean weight. Within any one of these strains seed size varied 
considerably, but no matter whether large or small seeds were 
selected for planting, the progeny had the same average weight 
of seed. Thus Johannsen was able to show that differences in 
seed size in such a strain were not heritable differences but arose 
from nutritional, environmental and other non-heritable causes. 
Johannsen called such progeny and their descendants a pure line. 

• ^ A zygote is the individual arising from the fusion of two gametes. 
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Incomplete Dominance 

• 

In certain cases the Fi hybrids may be more or less intermediate 
in character between the* parents. For example, some varieties 
of peaches and nectarines have large reniform glands on the base 
or petioles of the leaves. Some have small round glands, and 
others again have no glands (Fig. 2). Upon breeding these forms 
tlie results show that a gene which we may call G governs the 



A B C 


Fig. 2. — Foliar Glands of Peaches. 

A, reniform glands. 15, round glands. C, eglandular. 

development of reniform glands, no glands being formed when G is 
absent. On crossing reniform glands (GG) with no glands (gg) the 
Fi plants are all intermediate in character with small round glands. 
In such a case neither G nor g can be said to be dominant. How- 
ever, in instances where the Fi approaches one parent more than 
the other, the character borne by this parent is said to be 
incom^^letely dominant. 


Mendelian Ratios 

The application and extension of Mendel’s laws to combinations 
of two or more independent pairs of genes is readily made if 
we remember that alternative genes are distributed among the 
gametes independently and in equal numbers. In other wordsg 
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the total number of different germ-cells is the number of possible 
combinations of the particular genes involved. This is the 
gametic sefies, from which the F 2 may be calculated. Thus, 
referring to our example from the peach and nectarine, upon 
selfing (self-pollinating) an individual heterozygous for both pairs 
of genes DdGg, the gametic series will comprise four types in equal 
numbers, viz. DG, Dg, dG and dg. Therefore the zygotic series 
is given by (DG +Dg + dG + dg)^, since any ovule stands an equal 
chance of being fertilised by any pollen grain, as shown in Fig. 3. 


Parents 


DDGG 



ddgg 

germ-cells 


DG 



dg 

F, 



DdGg 


Fj germ-cells 


DG 

Dg 

dG 

dg 

(gain otic series) 


DG 

Dg 

dG 

dg 


DG 

DDGG 

DDGg 

DdGG 

DdGg 


Dg 

DDGg 

DDgg 

DdGg 

Ddgg 

^2 j 

dG 

DdGG 

DdGg 

ddGG 

ddGg 


dg 

DdGg 

Ddgg 

ddGg 

ddgg 


^2 (zygotic series) ~ 9 peaches with glands (DG) 

3 j)eaches without glands (Dg) 

3 nectarines with glands (dG) 

1 nectarine without glands (dg) 

Fio. 3 

Now in the “ Chequer board ” square of Fig. 3 all individuals 
with a D gene will be peaches and any with G will have glands. 
Thus the F 2 will comprise nine peaches with glands, three without, 
three nectarines with glands and one without glands, or the result 
from (3D + Id) (3G + Ig). This 9 : 3 : 3 : 1 ratio is the one obtained 
when any individual heterozygous for two dominant factors is 
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selfed. In our example, since G is noi dominant to g. the GG and 
Gg classe^i wiU be distinguishable by tHeir renitorm and round 
glands respectively. Thus the total number and proportions ot 
the different forms in F 2 (the zygotic series) will be 

i 3 peaches Avith reniform glands 

lf> ,, ,, round ,, 

3 ,, without 

/ J nectarine with reniform glands 
\ 2 Ticctarines ,, round ,, 

1 nectarine without ,, 

The ratios for any number of factors may be obtained in the same 
way bv^ multiplying together the gametic series of the male and 
female parents ('J'able I). It is apparent that when we are 
dealing with many factors we should require larger and larger 
numbers in order to obtain all possible combinations, including 
the ‘‘ bottom ” recessive or mainly recessive classes. For this 
reason it is far easier to consider the inheritance of one or two 
pairs of allelomorphs at a time, and even then to back-cross the 
Fi or any heterozygous plant to an individual for those characters. 

TABLE 1 


Parents 

(Tametos (always in 

Equal X umbers) 

Zygoh'S 

Dominants to 
llecessive 

Aa 

AaBb 

AaBbCc 

i 

i 

A, a 

AB, Ab, aB, ab 

ABC, ABC, AbC, aBC, 

' Abe, aBc, abC, abc 

3 A, la 

9AB, ;5Ab, 3aB, lab 
27ABC, !)(ABc, AbC, 
aBC) 3(Abc, aBc, 
abC), labc 

3 : 1 

15 : 1 

63 : 1 


Katios of j2:ainet,i(; aiai zygotic series from solflng individuals helorozygous for one to three 
])}urs of factors resi)e(’,tively (with complete domin nice). The gametic series are id( ntical 
with the zygotic series from back-crossing to tlie bottom recessive form. 


Complementary Cenes 

In the examples we have so far considered, each gene produces 
by itself a definite effect. Exceptions to this ire sometimes 
found. In the Sweet Pea, Lathyrus odoratus, two genes C and R 
are necessary for the production of anthocyanin in the flowers. 
Individuals with C or R alone have white flowers, but when crossed 
together give an Fi with purple flowers. The F 2 from selfing the 
Fj comprises nine colotired to seven whites, i.e. only thosg^ 
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individuals with both C and R have coloured flowers (Fig. 4). 
Genes such as these are known as complementary genes. , 


Interaction of Genes 

Typical mendelian ratios are often modified in this way by 
the interaction of genes. For example, in the Raspberry (Rubus 
idaeus) spine colour is governed by two genes T and P. T produces 


Male germ- cells 

"cR c7'‘"^7r 7 ? 

1 — :: — 


9 

' ■■ ' , ‘'i 

tr 

GR . 

cR 

CR 

cr 

CR 

€R"1 

Cr 

cR 

cr 

■Giv / 

Cr 

Cr 

Cr 

GR 

Gr 

cR 

cr 

cR 

cR 

cR 

cR 

CR 

Cr 

cR 

cr 

cr 

cr 

cr 

cr 


Fig. 4 


Elbowing: 1, complementary effect of the 
(lower colour genes C and R in Sweet Pea ; 
2, the constitution of th(^ nine coloured and 
seven white offspring in Fj from the eros.s 
Cr (white) X cR (white). 


Male germ- cells 



Sliowing : 1, Interaction ofHho genes T and 
P in Raspberry ; 2, the constitution of 
tlio nine purplish, three tinged and four 
green-spined individuals in Fg from the 
cross Tp (tinged) x tP (green). 


anthocyanin tingeing and P, which has no effect by itself, deepens 
the spine colour to reddish purple. Thus TP forms have purplish 
spines, Tp tinged, tP and tp green, and on selfing the double 
heterozygote, TtPp, a ratio of 9 purplish : 3 tinged : 4 green is 
obtained (Fig. 5). 

Intensifying, diluting and inhibiting genes are commonly found 
to modify the expression of genes for flower colour. Not infre- 
quently the expression of a given gene may be acted upon by 
another gene governing a different character. In the simplest 
case one gene masks the expression of another and it is then said 
to be epistatic to the othcd* hypostatic gene. For example, a 
gene I produces ivory colour in dahlia flowers, and another 
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independent gene Y produces yellow colour : yl is ivory, Yi is 
yellow and so also is YI, as the yellow pigment completely masks 
the less intense ivory, Y is therefore epistatic and I hypostatic. 

A more complicated case is found in Primula sinensis, in 
which a gene A' suppresses the yellow eye of the fl< w^er and S 
shortens the style and lengthens the stamens. aas& plants, 
however, have short styles and stamens, and the stigma is usually 
pointed as a result of the interaction of genes a and s. It is 
probable that most genes affect moie than one morphological 
character or physiological process in the plant, and that only the 
most prominent difference is accredited to the action of a given 
gene, which is thus identified by its most conspicuous effect. 

Lethal Genes 

Genes which, at some point or other in the life of the plant, 
so modify its development as to result in premature death are 
called lethal genes. Actually no sharp distinction can be drawn 
between lethal and other genes, since many recessive genes, when 
homozygous, have a harmful effect, rendering the individual less 
viable, especially under unfavourable conditions. Lethal genes are 
very common, and usually exhibit their effect when in the homo- 
zygous recessive condition. They may affect the gamete (Beadle 
1933, Faberge 1937) as well as the zy’^gote. A typical case of 
zygotic lethals is in Antirrhinum, where the genes Y for yellow 
and g for albiiiotic are lethal when homozygous. Thus on selfing 
the double heterozygote YyGg, the only viable zygotes are the 
types YyGg, YyGG, yyGG and yyGg. Normally, this would 
result in a ratio of eight yellow to three green, but since Y and G 
are linked with an average cross-over value of 10 per cent, the 
ratio is modified to about nine yellow to one green. This is an 
example of the way ratios may be modified by the action of lethal 
genes. 

Multiple Allelomorphs 

Finally, we must refer to the case of multiple allelomorphs, 
where, instead of one pair of alternative genes, we have two, three, 
or more genes all affecting the same character and whose action 
usually differs only in degree. Thus referring again to Primula 
sinensis, A' suppresses the 3 ^ellow eye of the flowers while A"" 

c 
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merely restricts it. Both these genes are dominant to a third, 
a (Fig. 6). • 

In the cherry {Prunus avium) a multiple-allelomorphic series 
of at least thirteen genes is responsible for pollen-tube growth (see 
Chapter IX). Such multiple series are found in widely separated 



Fia. 6 


Showing the effect of the multiple allelomorphs A', A and a respec 
tivoly in diploid Primvla sinensis. 


plants, and in each case any two genes in a series behave towards 
each other and the remaining genes in their series according to 
mendelian law. 


Linkage 

So far we have dealt with examples of the independent 
inheritance of genes only. When, however, the inheritance of 
a sufficient number of characters is studied in a given plant, it is 
common to find that certain characters either appear together (1) 
more frequently or (2) less frequently than is expected from the 
law of independent inheritance. Moreover, it is always those 
genes which are contributed by the same parent which tend to be 
inherited together. Conversely, those genes which seem to repel 
one another in inheritance are always found to have come from 
opposite parents. These two phenomena are known as coupling ’’ 
and ‘‘ repulsion ” and together they constitute linkage 

Examples of coupling and repulsion are given below. When a 
number of genes exhibit a tendency to be inherited together they 
are said to form a linkage group. Since the basis of linkage is a 
cytological one, the explanation of it is deferred to the next 
chapter. 
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. TABLE II 

Showing in the Sweet Pea Linkage of the Two Pairs op Aliernative 
Characters Dark Leaf Axil-Light Leaf Axil and Fertile 
Anthers-Sterile Anthers 



Dark Axil, 
Fertile 
Anthers. 

Dark Aril, 
Sterle 
Anthers. 

Light Axil, 
Fertile 
Anthers. 

Light Axil, 
Sterile 
Anthers. 

Couplmg : observed 

1560 

38 

49 

500 

Caleulated on independent 





inheritance 

1207-7 

402-6 

402-6 

134-2 

Calculated on 4*12 per cent 





crossing -over . 

1565-0 

43-5 

43-5 

495-0 

Repulsion : observed 

1723 

817 

877 

4 

(calculated on independent 





inheritance 

1924-3 

641-4 

641-4 

213-9 

Calculated on 4-12 per cent 

1 




crossing-over . 

ca. 1712-^ 

853-5 1 

L_ 1 

S53-5 

1-4 


Qualitative Characters 

The characters in plants which we have so far considered are 
definite and comparatively easy to recognise. Those, for example, 
described in the fruits of peaches and raspberries and flowers of 
sweet peas show alternative inheritance and are easily distinguished 
by contrast with their opposites. The interaction of genes, 
complementary effects, linkage and othei causes may give rise 
to complications in inheritance, but an analysis of segregating 
families and of the ratios obtained is in general an easy task. 
Such characters involve differences in some quality of the indi- 
vidual, such as the colour of the fruit or flower, form of gland, or 
nature of the surface of the fruit, and for this reason they are 
generally referred to as qualitative characters. 

Quantitative Characters 

Variation in the characters of plants, however, is not always 
sharply discontinuous. That is to say, the characters are not 
always clearly divided from one another like smooth from hairy, 
large from small or red from white, but they intergrade and 
range from one extreme to the other. For example, in the tomate^ 



14 


THE GENETICS OF GARDEN PLANTS 


CHAP. 


the colour of the skin and flesh of the fruit show alternative 
inheritance, byt size of fruit intergrades. Characters of^this kind 
involve differences in degree or quantity, hence they are commonly 
referred to as quantitative characters. It must, however, be 
pointed out that there is no wide difference between quantitative 
and qualitative characters. Colour, shape and size, which in 
many plants show alternative inheritance, may in others give a 
series which show slight differences in quantity and which grade 
almost imperceptibly into each other. The analysis of quanti- 
tative inheritance is generally complicated owing to the absence 
of clearly marked characters, and it almost always depends on 
several factors or genes acting together and affecting the same 
character. Examples of quantitative inheritance are given in 
subsequent chapters. It occurs in both diploid and polyploid 
plants, but is more common in polyploids, as described in 
Chapter III. 

Extra-nuclear Inheritance 

As we shall see later, the units of inheritance are almost 
entirely contained within the nucleus of the plant-cell, anc^ are 
carried over from one generation to another in the nuclei of the 
germ -cells and in normal crossing it does not matter which is the 
female parent, the results are the same. The cytoplasm and its 
inclusions, which comprise the remainder of the cell contents, 
seem to play no very conspicuous part in inheritance. Exceptions 
to this are known, however, and in certain cases the cytoplasm 
itself may transmit a definite character or profoundly modify the 
action of the genes. Thus, there is a yellow-leaved (chlorotic) 
form of Primula sinensis which when pollinated by green-leaved 
forms gives only yellow-leaved progeny in the first and all sub- 
sequent generations. When the reciprocal cross is made the 
progeny are all green. Thus the chlorotic character is maternally 
inherited and is only transmitted when brought in from the female 
side. Such a result can be explained by the assumptions that 
(1) the normal green-colouring bodies carried in the cytoplasm of 
the cells of the chlorotic primula are defective and do not produce 
chlorophyll, and (2) the cytoplasm is transmitted through the female 
germ-cells only. This indeed appears to be the case, and it is 
thought that the cytoplasm is inherited maternally and not from 
-both sides in the majority of plants. If this is true, it is obvious 
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that in a cross between two different pleats a gene may, mFi, be 
combined with the cytoplasm of the one or the other according to 
which is used as the female parent. Differences in reciprocal 
crosses of this kind have been observed in a number of plants and 
are often associated with variegation. 

In other cases a gene, or group of genes, behave differently 
according as they are associated with cytoplasm from one plant 
or another. For example, in a cross between procumbent and 
tall forms of flax ( Linnm usitatissimurn) a gene, or genes, associated 
with the cytoplasm from the tall parent give hermaphrodite plants 
(having both male and female organs in the same flower) whereas 
the same gene, or genes, associated with cytoplasm from the 
procumbent parent gives female forms. Similar examples of 
extra-nuclear inheritance have been reported in the Broad Bean 
(Vida Faha), Evening Primrose (Oenothera) and Maize (Zea). 

Phenomena such as these are most commonly found in 
reciprocal hybrids between species. 

Most of the principles enunciated in this chapter have been 
inferred from investigations on plants of comparatively simple 
constitution, whereas many of our important cultivated flowers, 
fruits and vegetables are complex individuals having more than 
two genes of each kind. As a result of this complexity, genetical 
analysis in cultivated plants is often a slow and difficult matter ; 
yet even in these, when clearly-defined characters are studied, the 
same principles of inheritance are found to apply as in simple 
plants, and inheritance can be seen to be an orderly phenomenon. 

A great deal of light has been thrown on the genetical constitu- 
tion and behaviour of the complex cultivated plants by the find- 
ings of cytology. Indeed, it is now true to say that cytological 
investigation is a necessary prerequisite to any comprehensive 
genetical study. It is also necessary for a proper understanding 
of heredity and for this reason we shall now proceed to consider 
the elements of cytology. 



CHAPTER II 


THE CYTOLOGY OF DIPLOID PLANTS 

We have already pointed out that, compared with the simple 
nature of the methods employed in the study of genetics, examina- 
tion of the microscopic germ-cells requires elaborate measures. 
In recent years, however, the cytologists’s technique has been 
developed so successfully that a very considerable advance has 
been made in our knowledge of the cell and the intricate processes 
of germ -cell formation and reproduction. 

When Mendel put forward his laws of segregation and independ- 
ent inheritance they were hypotheses without any physical basis. 

Since then, detailed 
studies on the nature 
and behaviour of t>.e cell 
and its contents have 
clearly indicated the 
structures which are the 
chief vehicles of heredity . 

The Chromosomes 

If a living cell from 
the somatic (body) tissue 
of a plant is examined, it 
will be seen to contain a 
spherical body called the 
nucleus. By staining 
with suitable dyes, the 
nucleus at certain stages 
is seen to be a composite 
structure consisting, in 
the main, of a number of 
deep-staining elongated bodies called chromosomes (Fig. 7). The 
riiumber, size and shape of the chromosomes are the same in all the 
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With acknowledgments to Dr, M. S. Navashin. 
Fig. 7 

Photomicrograph of a section through a root 
tip of Crepis dioscoridis showing the com- 
plement of eight somatic chromosomes. 
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somatic cells of a given plant and indeed (with rare exceptions) 
tliroughojit the whole of the particular species. Thus the rasp- 
berry has fourteen chromosomes, the apple tliirty-four, the t'adish 
eighteen, the potato forty-eight, the snapdragon sixteen, the 



Fig. 8 


Tho somatic chromosome complements of some cultivated plants : A, raspberry 
var. Superlative (diploid 2x —14). 13, apple var. Worcester Pearmain 

(secondary polyploid 2x — 34). C, strawberry var. Keen’s Seedling (oof opioid 
8x —56). .1), Crocus vermis (diploid 2x —8). E, Aconitiirn Napellas, Spark’s 
var. (triploid 3x -24). F, Dahlia variabilis (octoploid 8x —64). (1, Garden 
pea (diploid 2x —14). H, tomato (diploi<l 2x =24). I, potato var. Sharp’s 
Express (tetraploid 2x =48). All x 2350. 

lilies twenty-four, the dahlia sixty-four, etc. See also Fig. 8. 
In the simplest species the chromosomes can be ^een to occur in 
morphologically identical pairs which differ among themselves in 
length, size and the position of their constrictions, and in other 
ways. The members of each pair are derived, one from the 
male and the other from the female parent. The raspberry for 
example has seven pairs of chromosomes, i.e. two sets of seven 
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chromosomes each. A single set of chromosomes is known as the 
haploid (n) and the normal somatic number as the dijploid (2n) 
chromosome complement. 

Mitosis 

The plant grows by the process of cell division. In between 
successive cell divisions (the resting stage) the chromosomes are 

not easily discerned, 
but when division is 
about to begin (pro- 
phase) they can be 
seen as twining, at- 
tenuated bodies which 
are split longitudin- 
ally (Fig. 9A). The 
chromosomes con- 
tract until they as- 
sume a rod-like ap- 
pearance and at the 
end of this contraction 
they move to the 
equator of the cell, 
where they align 
themselves more or 
less at random in the 
equatorial plane (Fig. 
9B). This stage is 
known as metaphase. 
The half-chromo- 
somes, or chromatids, 
formed by the split- 
ting of the chromo- 
somes next begin to 
move towards the 
opposite ends of the 
cell (anaphase, Fig. 9C), as if each pair of chromatids were strongly 
repulsed. This repulsion begins first and is most evident at the 
centromere or ‘‘ attachment constriction ”, so-called because it 
was thought to be the point where each chromosome was 
‘‘ attached ” to the spindle-like striations seen in the cytoplasm 



a, atfac/ir77e/t^ coats /^ r/c/Zo/i . 

Fia. 9 

Diagram showing tho changes undergon(^ by 
two chromosomes in the course of mitosis. 
(After Darlington.) 



II THE CYTOLOGY OF DIPLOID PLANTS 19 

at this stage. The point of attach Trient may vary in position 
along the ^chromosome from one type to another, and the sepa- 
rating chromatids form characteristic configurations at anaphase 
according to the position of their points of attachment. 

When the half-chromosomes arrive at the poles of the cell they 
again pass into the resting stage, and a new cell wall is formed 
between these daughter nuclei, each of which contains precisely 
the same number of chromosomes as the parent cell and of identical 
form (Fig. 91)). During the resting stage the chromosomes enlarge 
to their normal size, again split longitudinally and are then ready 
for the next division and the formation of further cells. 

This behaviour of the somatic cells in division is known as 
mitosis. It is important to notice that the chromosomes are 
permanent throughout the life of the plant, since the nuclear 
complement of every cell is identical. Thus, though the individual 
plant may change greatly in regard to form and function as it 
develops from seed to maturity, the chromosomes remain un- 
changed. Mitosis therefore is a mechanism which secures genetic 
continuity through the vegetative life of the individual. 

We have now to see the mechanism by which this genetic 
material is transmitted from generation to generation. 


Meiosis 

Most higher plants arise by the division and multiplication 
of an original cell (the zygote) formed by the union, in fertilisation. 



With acknowledgments to Dr. C. D. Darlington and Mr. L. La Cour. 


Fig. 10 

Germ-cells (pollen grains) showing the haploid (n)or reduced number of chromo- 
somes ; A, Kniphofia corallina (n=6); B, Leucojum aestivum (n = ll); 
C, Hyacinth (n = 12). 
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of the germ-cells borne by the pollen and ovules of the respective 
male and female parents. It is obvious that, if each germ-cell 
had all the chromosomes found in a somatic cell, the number of 
chromosomes would be doubled in each generation. Since a given 
species or variety continues from generation to generation to 
possess the same number of chromosomes, it follows that some 
means must exist whereby the number of chromosomes is reduced 
by one half (Fig. 10) before the cells of the new generation are 
formed. 



Fig. 11 


Camera lucida drawings of prophase chromosomes in A, Lilium 
pardalinum ; B, Fritillaria lanceolata. Note the corre- 
spondence between the size and sequence of the particles 
of the pairing chromosomes. In B the four strands 
(chromatids) are clearly seen. There is one chiasma in 
each figure. (After Belling, 1031.) 

This reduction is brought about in the formation of the germ- 
cells by a special kind of mitosis in which two divisions of the 
nucleus occur in rapid succession, while the chromosomes divide 
only once. This special behaviour is called meiosis and the 
division is known as the redivction division. It precedes the 
formation of the germ-cells. Meiosis differs from mitosis in that 
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at prophase the attenuated chromosomef are not already split 
longitudinally (Fig. 12a), but aie single particulate (beaded) 
structures, the particles being unequally spaced and unequa^, in 
size. These single threads are att’^acted to one another iii pairs, 
particle by particle, along their lengths, and as they come together 
the pairing chromosomes are seen to be linearly identical in the 
sequence and size of their particles (Fig. llA). The chromosomes 
comprising each pair are known to be constituted by the corre- 
sponding types from each parent. When pairing is complete 
(Fig. 126) each member of the pair sphts longitudinally as in 
mitosis, with the result that four chromatids are found in close 
association (Fig. 12c). Almost immediately, however, the 
chromatids fall apart in pairs, which are now seen to be physically 
connected at certain points (Figs. IIB and 12d). 

The origin of the physical connections is believed to be as 
follows. During the close pairing of the four chromatids it often 
happens that transverse breaks occur amongst them. If two 
chromatids break at the same point and different ends join up, 
then each new chromatid will consist of segments of the two old 
ones (Fig. 12c). In other words, the chromatids will have ‘‘ crossed 
over ” at this point, which is known as a chiasma from the cross- 
like appearance at the point of interchange (Figs. IIB and 12d). 
The chiasm ata arise at random, with an average frequency 
proportional to the length of the chromosome, and one or more 
may occur between each pair of chromosomes. From this we see 
that chromosomes derived from opposite parents must always come 
out of this stage interchanged for a part or parts of their length — 
according to the number of cross-overs which have occurred 
(Fig. Vlc-h). Thus recombination oijparis of similar chromosomes 
is an essential feature of normal meiosis and, as we shall see later, 
is of great importance to the geneticist and the plant breeder. 

Following this stage the paired chromosomes contract further, 
and at inetaphase, when they are orientated at random on the 
equatorial plate, they have a characteristic sausage -shaped appear- 
ance, each member of the pair being attached to the other by the 
interchanges between chromatids (Fig. 12e). Thus vhen anaphase 
begins it is the members of each pair of chromosomes which are 
distributed independently to the opposite poles, and not half- 
chromosomes as in mitosis (Fig. 12/). Since the orientation of 
each pair of chromosomes at metaphase is at random in regard to 
the poles, anaphase of this reduction division results in the 
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Fio. 12 

Diagram of meiosis showing the reduction of chroinosomos in germ- 
cell formation. (After Darlington, 1932.) 
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segregation and recombination of the chromosomes derived from 
the respective parents, in addition to halvmg tne total number of 
chromosomes in each of the daughter nu(;Jei. 

The chromosomes disjoin by the unravelling and separation 
of the chromatids involved in the chiasrnata and, arriving at the 
poles, pass through a very short resting stage. The second 
division follows quickly and is in all respects a typical mitosis, in 
which the chromosomes divide longitudinally and pass to the 
opposite poles, and hence to different germ-cells (Fig. 12^). Thus 
by these two successive divisions, four daughter nuclei are formed, 
each of which has half the number of chromosomes found in the 
somatic cells (Fig. \2h). On the fusion of the male and female 
germ-cells to form a new individual the somatic chromosome 
number is again restored. 

From the foregoing brief account we may summarise the most 
important features of meiosis, as follows : 

(а) At prophase the chromosomes associate in pairs, and split 
longitudinally to give four chromatids in close association. 

(б) During this pairing there is a recombination of parts of the 
chromosomes contributed by the respective parents. 

(c) At metaphase the pairs are orientated on the equatorial 
plate ready for distribution to the poles of the cell. The orientation 
of each pair is at random in regard to the pole. 

(rf) At anaphase the members of the respective pairs are 
distributed independently to the daughter nuclei, which, therefore, 
have half the normal chromosome complement. 

As we saw in the first chapter, the laws of heredity, as derived 
from a study of the way in which particular characters are passed 
on from parents to progeny, demand a mechanism whereby the 
units of heredity are (1) permanent in both somatic and germ-cells 
and (2) distributed independently and at random among the 
gametes of the parents. Now these two I’equiremenLs are precisely 
satisfied by the behaviour of the chromosomes in mitosis and 
meiosis. If we suppose the genes to be arranged in linear order 
along the chromosomes, then the longitudinal splitting of each 
chromosome to give identical halves ensures the permanence of 
every gene. Further, meiosis provides a mechanism whereby 
members of each pair of chromosomes are distributed independ- 
ently to the different germ -cells. 

Thus at germ -cell formation a segregation and recombination 
of the units determining parental identity occurs, and in fertilisa- 
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tion the products of this segregation and recombination within the 
parent plants are brought together and combined in the progeny. 

Linkage 

The phenomenon of linkage, however, is not explained by the 
random distribution of the chromosomes at meiosis. For example, 
it is obvious that there could not be more factors than chromo- 
somes if the chromosomes themselves were the ultimate units of 
heredity, whereas a number of plants and animals are known in 
which the number of factors studied is greatly in excess of the 
total number of chromosomes. Thus in maize (Zea), which has 
ten pairs of chromosomes, about 400 genes have been identified. 
In maize and all other cases investigated, the number of linkage 
groups never exceeds the number of chromosome pairs. From 
this we might assume that the chromosomes were compound bodies 
composed of or carrying a number of genes, and indeed the results 
of many investigations have amply confirmed this view. 

The genes are supposed to be arranged along the chromosomes 
in a definite linear sequence, like beads on a string. Allelomorphs 
occupy corresponding positions in the chromosomes comprising a 
pair, e.g. the dominant gene on one chromosome and the recessive 
in a similar position on the other (Fig. 13a). 

Now it will be remembered that when the chromosomes are 
pairing in meiosis, breaks may occur in the chromatids followed 
by the rejoining of the same or different ends, i.e. the chromosomes 
‘‘ cross-over ’’ at certain points so that portions are interchanged 
(Fig. 12). Let us consider the result of this crossing-over on the 
segregation and inheritance of three pairs of allelomorphs Aa, Bb 
and Cc situated on the same chromosome, Aa and Bb being very 
close together while Cc is distant. The dominant genes A, B and 
C have been contributed by one parent, and the recessive genes 
a, b and c by the other (Fig. 13). Since crossing-over occurs more 
or less at random along the length of the chromosomes it is obvious 
that it will hardly ever occur between Aa and Bb since their loci 
are so close, whereas it will frequently occur between Aa and Cc 
since they are separated by a large portion of the length of the 
chromosome. Gtenes A, B and a, b will therefore almost always 
pass to the germ-c^lls borne on the same chromosomes or segments 
of chromosomes as contributed by the parents (Fig. 13e) with the 
result that the progeny from selfing Fj will tend to resemble one 
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parent or the other in regard to AB and ab characters, i.e. A and B 
(or a and will appear to be linked in inhuritauce. 

In the case of Bb and Cc, however, crossing over may fre- 
quently occur between them. On the occasions when it does jjot 
occur, the daughter-chromosomes and germ-cells will carry the 



Fia. 13 

The cytologi(3al basis of linkage (diagrammatic) : a. Two somatic chromosomQS 
carrying the genes A, B, C and a, b, C respectively ; each chromosome con- 
sists of two chromatids. 6, During the close pairing of the chromosomes in 
meiosis, breaks occur in the chromatids, which join up with different partners, 
i.e. segments of the chromatids beceuno interchanged, c. At anaphase of the 
first division the two chromosomes with their interchanged segments are 
distributed to different nuclei and at anaphase of the second division each of the 
four daughter chromosomes {d-g) is distributed to a germ-cell, d and g 
arc non-cross-over and e and/ cross -over typos. The zygotes from combinations 
of four such germ-cells will show independent inheritance for the gene C and 
linkage between A and B. 

genes ABC or abc (Fig. 13^). When crossing-over does occur 
between Bb and Cc the daughter chromosomes and germ-cells will 
carry the genes ABC, ABc, abC and abc respectively (Fig. 13d-gr), 
ABc and abC being the cross-over types, the proportion of which 
depends upon the frequency with which crossing-over occurs 
between Bb and Cc. If the locus of C is far enough removed from 
B so that 50 per cent or more of crossing-over occurs between 
them, the inheritance of B and C will be independent and conform 
to Mendel’s law, though they are actually carried on the same 
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chromosome. At any distance less than this a proportional 
amount of linkage will be observed and the closer together the 
gene pairs arb, the more frequently will those genes be inherited 
together — each chromosome comprising a linkage group. The 
degree of linkage (expressed as ‘‘ percentage crossing-over ”) and 


1 234 56789 10 



The ten linkage groups in maize with the map distamres (cross-over values) 
betwo<‘n the different linked genes. The gtmes comprising linkage group 1 
are carried in chromosome I, tlioso in group 11 in chromosome II, etc. Only 
those genes whose loci are known with approximate certainty are shown in 
the niaf) (after Rhoades and McClintock). 

the relative positions of linked genes (the chromosome-map 
distan(^e) are calculated from the proportion of the cross-overs. 
It will be noticed in our example that, had the genes brought in 
by different parents been Ab and aB, then A and B would appear 
to be “ repulsed ” in inheritance, instead of “ coupled ”, 

The mechanism of crossing-over therefore is one which results 
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in new combinations and frequent recombination of the individual 
genes, i.e. c*rossing-over, leads to greater variability of the species, 
from which nature or man may make selection. 

The linear order of the genes is well illustrated in the genetic 
map of Zea Mays (Fig. 14). As previously mentioned, the 
number of known genes in maize is about four hundi’ed. The 
somatic number of chromosomes is twenty, and the gametic 
number ten. All of these cliromosomes are morphologically dis- 
tinguishable. As there are ten members of the gametic chromo- 
some complement, it is to be expected that the genes in maize 
would fall into ten linkage groups. This has been found to be 
the case, and the genetic map shows the linkage groups with the 
distance (i.e. cross-over value) between the different linked genes. 
Only those genes wliose approximate location is known are given. 
Not only has it been found that the genetic characters in maize 
fall into ten linkage groups, but it has been possible to relate 
each linkage group with a specific chromosome. 

Chromosome Rearrangement 

(Chromosome behaviour in mitosis and meiosis is a singularly 
(aact and orderly process. Were it not so, there could be no 
genetic continuity or any fixed type of individual or inheritance. 
We have seen that the processes of cell-division and gamete 
formation perpetuate the units of inheritance and at the same 
time constitute a mechanism whereby the genes are combined and 
recombined in many ways. In this manner there arise varieties 
of a given species. 

The mechanism as described, however, does not allow^ for any 
differentiation in the structure of the chromosomes, which are 
often to be recognised by differences of form and size. Neither 
does it explain how the two genes comprising an allelomorphic 
pair have differentiated. 

Occasionally a new character arises suddenly in a species which 
has never shown it before, and the character or mutation is found 
to behave as a simple dominant or recessive to the type ; e.g. the 
appearance of the waved flower Spencer ’’) in the sweet pea. 
In such a case it is probable that the change has arisen in, and is 
confined to, a single gene, presumably by some modification of its 
molecular structure. 

Though gene mutation is fundamental to all variation and 

D 
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evolution, results of consequence have arisen through alteration 
of the gross structure of the chromosomes. For exaqaple frag- 
mentation, dilplication and translocation of parts of the chromo- 
some are known to occur, although comparatively rarely. A 
portion of a chromosome may become inverted, attached to 
another chromosome, or deleted altogether (Fig. 15). In such 
ways the chromosome complement may be reorganised without 
any addition to or loss from the total complement of genes ; or 



Fig. 15 



A 1 B 


A 

D 


B 

C 


D 1 C 



Diagram illustrating types of chromosome rearrangement. The letters indicate 
successive segments of the chromosomes, a, Normal chromosome ; b, 
fragmentation ; c, inversion; d, deletion; e, two pairs of normal chromosomes; 
f, reciprocal translocation of segments C and A resulting in g, “ ring ” forma- 
tion at meiosis. 


the genetic constitution may be vitally changed with prpfound 
consequences. 

Important examples of reorganisation of the chromosome 
complement are found in Pisum, Oenothera and other genera. 
In Pisum sativum varieties occur in which segments of non- 
homologous chromosomes have become interchanged. Since 
homologous but interchanged parts may pair with each other 
although included in different chromosomes, the result of this 
interchange is that rings of four chromosomes are formed at 
meiosis when the interchanged parts are terminally located (see 
Fig. 16). Pairing is usually restricted to the homologous ends of 
the chromosomes, since the middle portions (differential segments) 
are not homologous with any part of either of the adjacent chromo- 
somes. For example, let us take a variety of Pisum with one 
ring of four and five pairs of chromosomes. The bivalents disjoin 
normally. The ring of four (Fig. 15gr) may disjoin in two ways. 
If adjacent chromosomes go to the same pole the gametes will 
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be AB.BC and CD.DA or BC.CD and DA.AB. In every case 
there is reduplication of one segment and absence of another, 
with the result that these gametes are inviable. When alternate 
chromosomes go to the same pole two types of gametes are 
formed, AB.CD and BC.DA. As both of these gametes have 
one each of the four segments A, B, C, D they are viable. Thus 
in ring-forming structural hybrids half the pollen and ovules are 
abortive. The semi-sterility associated with ring formation is 



Fig. 16. — Bings of Four in a Diploid Plant 

J-VI. l)iat;ram sliowing diUereiifc arrangements of four chrc^inosomes in a ring 
or chain at rneiosis in the diploid Campanula persicifolia giving regular 
segregation in T and V only. A-D, {)hotomicrographs. A, normal plant 
with eight pairs of chromosomes. B-D, a plant with four chromosomes 
associated. (After Gairdner and Darlington, 19,30, Nature, 125.) 


therefore due to non-disjunction in the ring. It should be noted 
that apart from crossing-over in the middle or differential segments 
or further structural changes, so far as the ring is concerned the 
plant must breed true if self-fertilised. Thus if all the chromo- 
somes of a plant form a ring (e.g. Oenothera muricaia) then such 
an individual must breed true even though it is intrinsically 
heterozygous in respect of the genes (;arried by the differential 
segments. The ‘‘ linkage ” of two or more chromosomes to form 
rings in interchange hybrids is called catenation and may give 
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rise to apparent genetic linkage, with the paradoxical result that 
a gene may appear to be independent in one strain and linked in 
another (as in Pisum). 

Ring-formation in diploids is seen, par excellence, in Oenothera 
(n = 7), in various forms of which rings of four, six, eight, ten, 
twelve and fourteen chromosomes have been found. Many of 
these evening primroses are complex hybrids and yet, owing to 
the results of catenation, breed practically true. Summaries of 
the investigations on ring-formation will be found in Darlington 
(1932) and Sansome and Philp (1932). 



CHAPTER ITI 


THE CYTOLOGY AND GENETICS OF POLYPLOIDS 


I>i the previous chapter we considered toe cytology of individuals 
in which the somatic cells carry only two, and the germ-cells only 
one of each chromosome type. 

Among our cultivated plants, however, numerous examples 
iire found in which each chromosome type (and therefore each 
chromosome set) is represented a number of times. For example. 


i/- 






Superlative. 2n = 14 Mahdi 2n=:2l Veitchby.2n.=28 

Loganberry. 2 n =42 Laxfconberry. 2n = 49 

Fig. 17 

The somatic complements of diploid and y)olyploid Rubi. 
(After Crane and Darlington, 1927.) 


in the raspberry, with fourteen chromosomes, there are two sets of 
seven different chromosomes. Among other cultivated Rubi the 
Mahdi ’’ has three sets of seven, the veitchberry four sets, the 
loganberry six and the laxtonberry seven sets — each species or 
hybrid having some multiple of the basic number of seven tyjpes of 
chromosomes (Fig. 17). The various multiples are conveniently 
designated triploid (3x), tetraploid (4x), pentaploid (5x), hexaploid 
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(6x), etc., according to the number of chromosome sets. Poly- 
ploids with qhromosome numbers which are not a multiple of 
the basic number, e.g. 4x + 2, 6x - 1, etc., are called aneuploids. 
Polyploids may originate in two ways : (1) By doubling of the 
chromosome number in a somatic cell and its descendants. (2) By 
the formation of germ-cells containing (a) the unreduced number of 
chromosomes or (b) more than the haploid chromosome number. 

In the first case the only 
difference in the chrom- 
osome complement of 
the doubled individual 
is a quantitative one, 
i.e. it has twice the 
number of chromosomes 
and genes as the original 
form. Similarly if two 
unreduced gametes with 
identical chromosome 
sets unite to form a new 
individual it will only 
differ from the parents 
cytologically in having 
twice as many chromo- 
somes. But if two un- 
reduced gametes having 
chromosome sets which 
are not identical in re- 
gard to their allelo- 
morphs unite, the chromosome complement of the resulting poly- 
ploid will be qualitatively as well as quantitatively different. In 
other words, the first kind of polyploid is a variety of the original 
form, whereas the second kind is a true hybrid. 

Polyploids are conveniently described according to their origin 
as (1) simple or auto-polyploids, (2) hybrid or allo-polyploids. In 
the auto-polyploid the chromosome sets are practically identical 
with one another, e.g. , the auto-tetraploid tomato (see page 93) . In 
the alio -polyploid the sets, though similar to a certain extent, 
are not all alike since they have come from different lines of de- 
scent, e.g., Primula kewensis (P. floribunda x P. verticillata). For 
example, in a homozygous auto-tetraploid each chromosome or 
gene is represented four times (Fig. ISd), whereas in the simple 



Fig. 18 


Diagram showing the origin and constitution of 
tiie chromosome complements of auto- and 
allo-tetraploids. a and b, Diploid species ; 
c, diploid hybrid from a x b ; d, auto- 
tetraploid tierivod from doubling of the 
chromosome sets in a ; e, allo-tetraploid 
derived from the doubling of the chromo- 
some sets in c. 
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aIlo*tetraploid two seti^ of chromosomes have come from one 
species and two from the other (Fig. 1^?), and the corresponding 
allelomorphs borne on the two different chromosome sets may be 
different or alike. Both types of polyploids occur naturally , but 
by far the greater number of wild and cultivated polyploids are 
either allo-polyploid or partly alio- and partly auto-polyploid. 

Somatic doubling of the chromosome number arises through 
the failure of cell-wall growth between daughter nuclei, while 
unreduced gametes may also arise from failure of chromosome 
separation. Failure or abnormalities nf reduction is particularly 
common at ineiosis of species hybrids. 

The Auto-polyploid 

As we saw earlier, in meiosis of diploid plants the chromosomes 
come together in pairs (bivalents), the members of which then 
separate and pass to the daughter nuclei. In the auto-polyploid, 
however, there are three or more chromosomes of each type and 
these tend to associate in threes (trivalents), fours (quadrivalents), 
etc., according to whether the plant is a triploid, tetraploid, etc. 
For example, if chromosome pairing were ideal we might expect 
the chromosomes of an auto-tetraploid always to conjugate in 
fours, e.g. an individual with twenty-four chromosomes forming 
six quadrivalents. Actually this is rarely the case, since com- 
petition in the pairing of four identical chromosomes reduces the 
frequency of chiasma formation between any two of the four and 
thus often leads to one or more of them remaining unpaired, 
giving 1 trivalent + 1 univalent, 1 bivalent + 2 univalents, or 2 
bivalents. 

Further, should multivalent formation occur, the arrangement 
and orientation of the multivalents at metaphase may be of such 
a kind as to result in irregular distribution of the chromosomes to 
the daughter nuclei. Thus four chromosomes connected end to 
end to form a ring will probably divide into 2 and 2 whatever their 
orientation may be at metaphase. In contrast a chain of four 
may divide into 2 + 2 or 3 + 1 or all four pass to one pole. 

We see, therefore, that (1) competition in pairing at prophase 
of meiosis in an auto -polyploid may give rise to univalent (unpaired) 
chromosomes which do not follow the orderly behaviour of the 
bivalents and are only included by chance in the daughter nuclei 
of the reduction division ; and (2) the distribution of the multi- 
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valent chromosomes may be numerically unequal. In each case 
irregular distribution of the chromosomes occurs, so that some 
of the gametes come to have more or less than the haploid 
number of chromosomes. Such gametes are usually sterile and 
unable to function, and a certain amount of gametic or generational 
sterility is always found in true auto-polyploids. 

The Allo-polyploid 

In true allo-polyploids chromosome pairing may be as regular 
as in diploid plants. The reason is clear to see. Taking an 
allo-tetraploid, for example, of the constitution AAA'A' the A 
chromosomes pair with A and A' with A', so that bivalents only 
are formed, as in diploid plants, and meiosis is regular in every 
respect. The true allo-polyploid therefore is potentially as fertile 
as the diploid individual. Comparing the auto-polyploid and 
allo-polyploid we may say that multivalent chromosome conju- 
gation in the former leads to meiotic irregularities and a percentage 
of sterility, whereas the differentiation of the chromosome sets in 
the allo-polyploid permits of greater regularity in meiosis and a 
higher percentage of fertility. The allo-polyploid is therefore 
better fitted to survive under natural conditions, and natural 
selection tends to work away from auto-polyploidy to alio- 
polyploidy. 

Many forms occur which are intermediate between allb- and 
auto-polyploids. Thus an individual may have one or more 
chromosome types virtually identical (AAAA) and other types 
differentiated (BBB'B') and every degree of such genic and 
structural variation may occur. Also a plant may combine both 
auto- and allo-polyploid conditions within itself, as in the case of 
the garden dahlia, which is a double auto-tetraploid or allo- 
octoploid (see p. 80). 

Finally, species are known in which the chromosome types are 
not equally represented in regard to number, there being, as for 
example in the apple, three out of the basic number of seven 
chromosome types represented six times while the other four 
types are represented only four times. Such forms are known as 
secondary polyploids. The relation of chromosome sets of various 
polyploids is given in Table III. 
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Showing the Number and Homology of the I;hromoBOino Typos (A to F) in the Various 

Typos of Polyploids 


Haploid 

X 

Diploid 

2x 

Auto- 

tetraploid 

4x 

A llo-tetra- 
ploid 4x 

Partly auto- 
[Mirtly allo-hcxa- 
ploid ()X 

Aneiiploid 

4x - i 

4x ! 1 
etc. 

8e(;cndary 

Prlyploid 

4x , 2 f 2f2. 

A 

AA 

AAAA 

AA A'A 

AAAA A'A' 

AAA' or AAAA 

AA A'A' A"A' 

B 

BB 

BBBB 

BB B B^ 

BBBB B'B' 

BBBB' 

BBBBB 

BB B'B' B' B" 

C 

CC 

CCCC 

CC C'C' 

CCCC C'C' 

CCCC' 

CCCC 

CC C'C' C"C" 

D 

DD 

DDDD 

DD D'D' 

DDDD D'D' 

DDDD' DDDD 

DD D'D' 

E 

EE 

EEEE 

EE E E' 

EEEE E'E' 

EEEE' 

EEEE 

EE E'E' 

F 

jNi>rnia] 

{iiaiiicto 

i 

1 

FF 

Normal 
zygote ; 
unre- 
duced 
gamete 

FFFF 

FF F F' 

FFFF F'F' 

i 

FFFF' FFFF 

etc. 

FF F'F' 


Secondary Association 


At metaphase of meiosis in diploids the only kind of chromo- 
some association found consists of pairs of chromosomes associated 
by chiasmata. In the polyploid, however, another type of associa- 


9* • V 



Fig. Ill 


Secondary association of the cliromosomcs in or, Dahlia coronaMj allo-tetraploid 
(x -=8, 11^16); b, Apple var. Northern Spy, partly hoxaploid (x = 7, 
n = 17), partly tetraf)loid ; c. Dahlia i^ariabilis, allo-octoploid (x “8, n -32), 
showing groups of 2, 2 and 3 and 2, 3 and 4 bivalents n^spectively. {Polar 
views metaphase I, meiosis.) 


tion occurs, in which pairs of bivalents are seen lying in proximity 
but always without any material connection (Fig. 19a). This 
phenomenon is known as secondary association^ and is supposed to 
arise from the general attraction of chromosomes which, though 
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somewhat alike, are too dissimilar to pair in the normal way. 
Secondary association does not affect segregation or the normal 
process of gefm-cell formation in any way, but may be of great 
value to the cytologist in determining the homology of the chromo- 
some sets in polyploids. Thus, in an allo-tetraploid in which A 
always pairs with A and A' with A', the degree of affinity between 
A and A' is revealed by secondary association, which therefore 
becomes a valuable criterion of homologies more remote than those 
expressed in normal chromosome pairing. For example, the lowest 
haploid chromosome number found in the genus Dahlia is sixteen, 
and although no quadrivalents are ever formed, the secondary 
groups of four chromosomes each (Fig. 19a) show that the n = 16 
species are in reality allo-tetraploids whose basic chromosome 
number is eight. In this way analysis of primary and secondary 
association in meiosis of polyploids and comparison with related 
diploid and polyploid species may be of considerable value, either 
supplementing genetic studies or throwing light on the constitution 
of plants which are difficult to analyse genetically. 

Following this brief outline of polyploid cytology we have now 
to consider the effect of increase in chromosome number upon 
inheritance. 

In the auto -polyploid there will be more than two allelomorphs 
of each kind, and segregation will have to be traced for three 
or more allelomorphic genes. For examj)le where reduction is 
regular each gamete in an auto-tetraploid will now receiye, not 
one, but two allelomorphic genes, as shown in Table IV. 


TABLE IV 


Parents 

AAAA 

aaaa 

Germ-cells 

AA 

X aa 

Fj hybrid 


AAaa 

Germ-cells (gametic series) 

AA 

4Aa aa 


Fa (zygotic series) (AA +4Aa +aa)^ 

= lAAAA, SAAAa, ISAAaa, SAaaa, laaaa 
or 35A : la. 

Thus instead of the gametic series being lA : la as in the com- 
parable diploid plant, there are now three types of gametes in 
the proportions lAA : 4Aa : laa, and the zygotic series (Fg) will 
consist of three different heterozygotes in addition to the top 
dominant AAAA and bottom recessive aaaa forms. These five 
types are conventionally described as quadriplex (AAAA), triplex 
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(AAAa), duplex (AAaa), simplex (Aaaa) and nulliplex (aaaa) 
according to the number of dominant geres present. 

Back-crossed to the bottom recessive aaaa form, the ratios 
of A : a forms obtained when A is completely dominant are 



A 

a 

AAAA X aaaa 

all 

none 

AAAa xaaaa 

all 

none 

AAaa x aaaa 

5 : 

: 1 

Aaaa x aaaa 

1 : 

: 1 

aaaa x aaaa 

none 

all 


Other characteristic ratios are 3 : 1 from Aaaa x Aaaa, 11:1 from 
AAaaxAaaa and 35:1 from AAaaxAAaa. All other com- 
binations give dominants only. 

A further possibility is introduced when tetraploid segregations 
are being considered. In the diploid each gamete contains only 
one of the two chromatids derived from a given chromosome type. 
Tn the tetraploid, however, a gamete will contain two chromatids 
from each chromosome type. These are derived, as far as regions 
close to the centromere are concerned, from different chromosomes, 
but owing to crossing over on either side of the centromere the 
two chromatids may be derived from the same chromosome in 
parts remote from the centromere. Thus AAAa genotypes can 
give not only four gametes AA, AA, Aa, Aa but also, occasionally, 
AA, AA, AA, aa for genes distant from the centromere. In the 
diploid, chromatid segregation does not affect the calculated 
ratios but in polyploids its consequence is to increase the number 
of recessives. Thus with random chromosome segregation in an 
auto -tetraploid the ratio from selfing the duplex form AAaa is 
35 A : la, whereas the ratio expected from random segregation 
of the chromatids (in the parts furthest from the centromere) is 
21 : 1 . 

An example of chromatid segregation is seen in the Fg from 
the blackberry John Innes ” (4x) which was raised from crossing 
a prickled with a prickle-less blackberry. The observed and 
calculated figures are given overleaf. 

It will be clear from these figures that although the autotetra- 
ploid differs from the diploid in the number of its chromosome 
sets only, yet there is a profound difference in its genetics, the 
number of genotypes (AAaa, Aaaa, etc.) being increased and the 
recessive form segregating much more rarely. Inheritance of two 
or more different (non-allelomorphic) genes is correspondingly 
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Prickles 

No Prickles 

Selfed (AAaa x AAaa) 



Observed (872 plants) 

835 

37 

Chromatid expectation 

832*0 ±6-2* 

40±G*2 

Chromosome expectation . 

847*8±4*9 , 

24*2±4*9 

Back-crossed (AAaa x aaaa) 



Observed (43 plants) 

33 

10 

Chromatid expectation 

33*8i2*7 

9*2 ±2*7 

Chromosome expectation . . . j 

35*8±2*4 j 

7*2±2*4 


* Standard error <r= \/j>( I - v)n. 


intricate, large numbers of individuals being required to obtain 
segregation of all possible genotypes. It will be seen that in 
polyploids complementary genes, interaction of genes and multiple 
allelomorphism, etc., introduce extensive possibilities of variation. 
In particular, incomplete dominance has important results, since 
the expression of simplex, duplex, triplex and quadriplex forms 
may be cumulative in effect, each gene supplementing the action 
of the other. Thus instead of alternative characters arising from 
the expression of genes A and a, incomplete dominance in the 
auto-polyploid may give rise to sev(.Tal intermediate forms differing 
in degree, and character-expression will be less discontinuous as 
compared with that of diploid forms. This is especially true of 
high polyploids. 

Owing to the occurrence of two or more genes affecting the 
same character, quantitative inheritance is common in polyploids. 
Such genes often have an additive effect and hence they are 
commonly referred to as multiple genes. One of the earliest 
experiments which demonstrated the occurrence and effects of 
multiple genes was made on hexaploid wheat by Nilsson-Ehle 
(1908). Nilsson-Ehle found that the red colour of the grain in 
wheat was dominant to white, but that the reds could throw 
whites in different proportions. Analysis of numerous families 
showed that they fell into three groups, in whicjh the proportion 
of reds to whites was 3:1, 15:1 and 63 : 1 resj^ectively. It is 
therefore evident that there are three independent genes each of 
which can produce the red effect. If we call them A, B and C 
the reds which give a 3 : 1 ratio on selfing can be expressed either 
as Aa bb cc, aa Bb cc or aa bb Cc ; those which give a 15 : 1 ratio 
as Aa Bb cc, aa Bb Cc or Aa bb Cc ; and the reds which give 
63 red to 1 white as Aa Bb Cc. A white-grained plant can only 
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arise from the union of two abc germ-(ieUs. Though a plant with 
all three dopiinant genes may be deeper red rhan one in which 
but a single gene occurs, the differences in intensity of colour are 
not sufficiently well marked to allow of a colour classification of 
the reds in terms of their genetic constitution. Nilsson^Ehle’s 
elucidation of the inheritance of colour in wheat placed the con- 
ception of multiple genes on a firm basis, and since then it has 
been applied to numerous cases where a series of intergrading 
forms occurs. In the hexaploid wheats duplicate and triplicate 
genes govern the inheritance of certain other characters, and the 
frequency of these multiple genes suggests tliat the hexaploid 
wheats are allopolyploids which have arisen from the hybridisation 
of different species carrying similar genes affecting these cliarac 
ters. Duplicate genes may arise in a diploid by parallel gene 
mutations or duplication of parts of chromosomes, but the 
explanation that the similar genes have been brought into hexa- 
ploid wheat by hybridisation is more probable in this case. 

Inheritance in the allo-polyploid may be of various degrees of 
complexity, depending largely on the age of the species. The 
simple allo-tetraploid with four chromosome sets well differentiated 
in pairs is virtually a double diploid, and segregation in certain 
combinations resembles that of a typical diploid plant, giving 
1 : 1, «3 : 1 and 15:1 ratios when dominance is complete. Unlike 
the diploid, however, there may be more than two grades of 
dominance in regard to the expression of any one kind of gene. 
In relatively new allo-polyploids inheritance may assume a very 
complex character, especially if a high degice of polyploidy also 
obtains, the segregation of similar (but differing) genes affect- 
ing the same character differentially ; this results in numerous 
genotypes, and consequently in very fine degrees of expression. 
(Cf. Apple, Chapter VII.) 

As we have seen, the allo-polyploid is intrinsically hybrid, 
since it combines the differences between two or more species, 
but owing to the characteristic pairing of its chromosomes it will 
breed true if the parent species are true-breeding. 

Hybridisation and Polyploidy 

The main course of evolution appears to have proceeded by 
changes in the nature and action of the gene, natural selection 
preserving those changes which have a positive survival value. 
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In the passage of time a given species may come to be different in 
its genetic constitution owing to the accumulation of mutations. 
Thus variation within a given species may eventually give rise to 
two or more specific forms which, when crossed, give only sterile 
offspring, owing to the differentiation of the chromosome sets and 
consequent failure of pairing in the hybrid. Thus representing 
the chromosome types of one species as A, B, C, D and of the other 
as A', C', D' although A and A', B and B', etc., have descended 

from a common ancestor and still carry many identical or similar 
genes they are too different to pair, meiosis is a failure and the 
germ-cells sterile. 

But they can survive sexually if doubling of the chromosome 
number occurs, for then each of the respective chromosomes has 
an identical mate — AA, A'A', BB, B'B', CC, C'C', DD, D'D' — 
pairing proceeds normally and fertile germ-cells are formed. A 
case of this kind is Primula kewensis, the diploid form of which is 
highly sterile, but the tetraploid form is fertile (see page 05). 

Polyploidy therefore is of great importance in that it (1) 
increases the effective range of hybridisation, (2) combines the 
products of specific differentiation within a single (new) species and 
(3) increases the potential range of species variation. 

Union of an unreduced (diploid) gamete from a diploid plant 
with a normal haploid gamete, or the crossing of a diploid with a 
tetraploid, may give rise to a sterile triploid, which by doubling 
of the chromosome number becomes a fertile hexaploid. From 
the hexaploid x diploid, tetraploid forms may arise, and by a 
similar process other polyploid forms. Numerous genera are 
known in which the evolution of the species has followed some such 
course. 

Before proceeding to give details of practical breeding experi- 
ments with plants it is necessary to describe some unusual forms 
of reproduction. 


Asexual Reproduction 

Numerous horticultural plants have for centuries been 
reproduced by asexual means. Such plants, although widely 
distributed throughout the world, are all parts of one individual 
and are collectively known as “ clones In horticulture clonal 
reproduction takes a prominent place, and owing to heterozygosity 
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and sterility it is often the only means of perpetuating an important 
variety. * 

Although several methods of asexual reproduelion occur, we 
can provisionally divide them into two classes : (1) artificial 
asexual reproduction as is widely practised in horticulture by 
such operations as budding, grafting, laj^ering, cuttings, etc., and 
(2) natural asexual reproduction, by means of bulbs, corms, tubers 
and other methods. 

Apomixis ^ 

Some plants, whilst appearing to form seed sexually, reproduce 
themselves vegetatively without the process of fertilisation being 
involved. This form of reproduction is called apomixis, and it is 
characteristic of many plants of hybrid origin which rarely or 
never set true seed, i.e. seed formed by the fusion of male and 
female germ-cells. 

In apomixis a frequent course of development is that the tissue 
surrounding the embryo-sac produces buds from which seed-hke 
structures develop, resembling the normal seeds produced from 
fertilisation. The process is equivalent to clonal reproduction, 
and a seed produced in this way gives rise to a new plant identical 
with its mother irrespective of its genetic constitution, just like a 
plant raised from a graft, cutting or other vegetative method. 
This form of reproduction has been reported in Rubus, Rosa, 
Hieraciurn, Citrus and other plants. 


Haploid Pakthenogenests 

Another exceptional form of reproduction where fusion of the 
male pollen nucleus and the female egg-cell nucleus does not take 
place occasionally occurs in plants. In these cases a haploid 
nucleus develops into a new embryo which gives rise to a haploid 
plant with only one set of chromosomes. This abnormal mode 
of reproduetion called parthenogenesis ” has been described in 
Datura, Solarium, Campanula, Oenothera and several other plants. 
Haploid plants are much smaller than their diploid parents and 
are generally sterile. 

The above are examples of female parthenogenesis ; a few 

^ Tho term apomixis is here used in its widest sense. Some authors use the 
term in a more restricted way. 
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cases of male parthenogenesis have also been recorded. In these 
cases the nucleus of the male parent develops into ^n embryo 
within the ostensible female parent, without fertilisation or 
fusion with the female nucleus. It has been reported in the 
strawberry, Nicotiana, Vida saliva and Euchlaena rnexicana. In 
Nicotiana the offspring had the reduced (n) chromosome number 
of the male parent, but in the strawberry, Vida and Euchlaena 
the offsppng had the 2n number of the male parent, presumably 
as a result of subsequent chromosome doubling, or the functioning 
of an unreduced germ-cell. Thus Ichijima (1928), from crossing 
Fra gar ia vesca (2n = 14) with Fra^a ria virginiana (2n-=56), 
obtained a plant with fifty-six chromosomes. Bleier (1929), from 
crosses between Lens esculenta (2n= 14) and Vida saliva (2n == 12), 
found a proportion of the offspring to be Vida saliva with twelve 
chromosomes, and apparently this frequently happens in Vida 
following natural cross -fertilisation. 

Diploid Parthenogenesis 

In this form of reproduction the mother-cell develops into the 
embryo-sac, sometimes directly and sometimes after division. In 
this way diploid plants arise without the intervention of the male 
nucleus. This mode of reproduction has been reported in Erigeron, 
Hieradum, Arte^nisia, Taraxacum and several other plants. 

ViVTPARY 

Certain grasses and some species of Allium form buds in the 
place of flowers which, like seeds, fall to the ground and perpetuate 
the plant. These species when they are incapable of setting 
normal seeds by sexual means, are also c^lones. The phenomenon 
is known as viviparous reproduction. 



CHAPTER IV 


FLOWERING AND ORNAMENTAL PLANTS 

¥on centuries selection was the only method practised for the 
improvement of plants and the natural seedhngs of selected plants 
were the only material from which a choice was possible. Selection 
thus operated on the maternal side only, the pollen was derived 
by chance from other individuals and there was no selection of the 
paternal parent. 

The discovery of sex in plants in the eighteenth century and 
the recognition of the importance of the male parent gave a great 
impetus to the breeding of improved forms, but it was only after 
the discovery of the laws of inheritance by Mendel that the 
possibilities of plant -breeding were realised. In more recent years 
the knowledge attendant upon the concept of the gene and the 
identification of the chromosomes as the vehicles of inheritance 
has very considerably enlarged our understanding of the potenti- 
alities of plant-breeding. Indeed, it is probably true to say that 
we are now able to visualise for the first time, not only the possi- 
bilities of controlling the production of desirable forms, but the 
methods by which this will be achieved. 

From fhis point of view the chapters which follow present 
accounts of what is largely pioneer work in experimental plant- 
breeding. Our procedure therefore has been to deal most fully 
\with those plants which have been intensively investigated, and 
then, from plant experiment generally, to give examples which 
jdemonstrate particular points or have some bearing on future 
development. 


Sweet Pea, Lathyrus odoratus (diploid, 2n = 14) 

The sweet pea provides an excellent illustration of how, first 
by gene mutation and then by hybridisation, numerous varieties 
may arise from a single wild species. 

This species was first introduced into England in 1699, when 

43 E 
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seeds were received by a Dr. Uvedale of Enfield from the Sicilian 
monk Franciscus Cupani. In habit it was similar to the tall 
sweet pea, but it had relatively small flowers borne in pairs on 
short stems. The flowers hg^d reddish-purple standards with hght 
bluish-purple wings. All the “ sports ” which subsequently 
appeared were apparently due to gene mutation from the dominant 
to the recessive condition. A chronological list of some of the 
mutant characters and the names of the varieties first showing 
the new characters, together with the genes (see Table V) deter- 
mining the respective characters, is given below. 


TABLE V 


Cliaracter 

Gene 

Bate of First 
Appearance 

Original Mutant 

Variety or Source 
of Origin 

Wild sweet pea . 


Intro. 1609 


White flowers 

ffn and/or f, 

1718 

, . 

Red flowers 

ai 

1731 (? 37) 

Painted Lady 

“ Black ” . 


1793 


“Scarlet” . 


1793 


Picotoe 

ds 

1860 


Hooded 

a3 

1886 

Waverley 

Dilute 

53 

1890 

Countess of Radnor 

Cupid 

e 

1893 

Ex Emily Henderson 

Dull . 

<J. 

1899 

Navy Blue 

Round pollen 

E 2 

Before 1900 ? 

Emily Henderson 

Open keel . 

h 

1900 

Spencer 

Sterile anthers 

bj 

1903 

Ex Emily Henderson 

X Lady Penzance 

Copper 

ga 

1905 

Cambridge 

Marbled 

Fi' 

1905 

Helen Pierce 

Bush . 

U 

Before 1905 


Cretin 

ba 

1907 

Cambridge 

Acacia 

di 

1908 

Mr. W. .1. Unwin 

Smooth 

d4 

1912 

Mr. T. A. Dipnall 


Owing to the structure of the flower the sweet pea, in England, 
is naturally self-pollinated, polhnation occurring before the flower 
opens. Hybridisation of the sweet pea was not practised until 
1880 and onwards. 

Breeding investigations were begun by Bateson, Saunders and 
Punnett (1905, 1911) at the commencement of the present century, 
and have been carried on chiefly by Punnett (1927, 1932, 1936). 
In Table VI nineteen pairs of characters are given, with the 
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symbols used by Punnett to identify them. The characters 
grouped under the same letter show linkage towards one another 
and are presumably controlled by genes located in the same 
chromosome. The dominant character is given first in each 
case. 


TABLE VI 


Gene 

Dominant 

ItoeessivG j 

A. 

Purpt' 

Red flower colour i 

A. 

Long 

Round pollen 1 

As 

Erect 

Hooded flower shape j 

Bi 

Dark 

Lignt leaf axil 

B, 

Fertile 

Sterile anthers 

B„ 

Normal 

Cretin flow er 

B, 

Purple 

Maroon 

Dx 

Tendril 

Acacia leaf 

D, 

Bright 

Dull flower colour 

Dc 

Dark Flake 

Liglit Flake 

D4 

Hairy 

Smooth 

Df, 

Deep 

Picotee flower shade 

E 

Tall 

Cupid 

F/ 

Colour 

Marbled — white 

F, 

Procumbent 

Bush (erect) habit 

Gi, G/ 

Colour 

Flaked — white 

Ga 

Purple 

Copper flower colour 

G3 

Full 

Dilute (mauve) flower shade 

H 

Clamped 

Open keel ( = normal - Spencer flower) 


Several of these genes exhibit secondary effects. Thus, in 
ee forms the plants are not only dwarf but have foliage of a 
deeper green ; g.^ga plants are smaller, and deeper green than 
the dominant GaGa forms and suffused with anthocyanin ; the 
'' Spencer ’’ (hh) form of flower has wavy petals in addition to an 
open keel, and is usually not so highly scented as the type ; Cupids 
(e) are comparatively lacking in scent as compared with tall (E) 
plants. With the three exceptions of marbled plants (F/) which 
are heterozygous for C-white, and flaked plants which are hetero- 
zygous for R-white and the allelomorphs normal-acacia (Di-di) 
the genes in Table VI are all completely dominant. Thus plants 
heterozygous (Ee) for the tall habit give a 3 : 1 ratio of tails and 
Cupids (dwarfs), the heterozygotes being indistinguishable from 
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the true-breeding tails. Similarly the typical 9 : 3 : 3 : 1 ratio 
is obtained frpm plants segregating for any two of the gene 
pairs (excepting multiple allelomorphs and linked genes), 
e.g. plants heterozygous for both tallness and the procumbent 
habit (EeF 2 f 2 ) give, on selfing, nine tall procumbent : three tall 
erect (bush) : three Cupid procumbent : one Cupid erect. The 
first class is the normal type of tall sweet pea which though trained 
upright on sticks or wires is really of a sprawling, procumbent 
habit. The tall-erect and Cupid-erect types attain heights of 
3J-4 ft. and under 1 ft. respectively and are distinguished from 
the well-known tall and Cupid procumbent forms of the garden 
by the non-divergent growth of the stems, which all grow up side 
by side, giving the appearance of a compact bush. The main 
difference between the tall and Cupid habits is really one of 
internode length, the internodes being very short in the Cupid 
plant. 

Of great horticultural importance was the sudden appearance 
of the “ Spencer ” type of sweet pea in 1900. Prior to this time, 
the most advanced forms of sweet pea were the improved 
grandiflora ’’ types with moderate-sized flowers and plain 
standards without any trace of waving. The modern type of 
large flower with a waved standard appears to have arisen in 
several localities simultaneously. Mr. Silas (ble of Althorpe 
Gardens, Northampton, was the first to introduce it under the 
name Countess Spencer. In a letter to Mr. W. Cuthbertson (1912) 
he states that in 1898 he crossed the variety ‘‘ Lovely ’’ with 
Triumph ” and in the following year crossed two or three of the 
best seedlings with “ Prima Donna The next season (1900) one 
of the seedlings was much stronger and later-flowering than the 
others, and this proved to be the original (.oimtess Spencer. It 
bred true from the beginning. 

The Spencer sweet pea also arose with Mr. E. Viner of Frome, 
who, late in the season of 1901, in a row of Prima Donna “ noticed 
a spray of two blooms at the extremity of a shoot with a peculiar 
crimped character. I marked them and allowed them to seed 
(no other flowers appeared), and I obtained seven good seeds.” 
The following year (1902) these seeds produced five plants of the 
waved and two of the Prima Donna type. The waved blooms 
were exhibited at the Bath Show in July under the name Nellie 
Viner ”. The stock was eventually sold to Mr. Eckford, but since 
Mr. Coles’ variety had been put on the market first, the name 
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Nellie Viner was not retained, the stock being sent out as Eckford’s 
superior stock ^ of Countess Spencer 

The waved type also appeared in two other localities, Mr. 
Eckford finding it in a row of Prima Donna at Wem, and Mr. 
W. J. Unwin in a row of Prima Donna at Histon. Mr. Unwin’s 
variety was saved and introduced under the name of '' Gladys 
Unwin ”, but as it was less wavy and not so large as the Spencer 
types it was eventually superseded. It appears, therefore, that 
the waved forms appeared about the same time in four differeiit 
localities, and that these plants comprised three slightly different 
grades of Spencer, Unwin’s being the least waved, and Cole’s 
original Ouintess Spencer being intermediate. Moreover Prima 
Donna was involved in each of the four cases, although Unwin states 
that it had bred true for colour and type for at least eight years 
before the advent of the waved form, and did not give it again. 

As Punnett and his colleagues liave shown, the waved 
character is determined by a recessive gene (h) which must have 
arisen as a mutation from the dominant normal form. In a very 
short time the new character was combined with numerous other 
flower colours by hybridisation, and where due precautions were 
taken to avoid cross-pollination, these new waved varieties were 
quickly fixed, since only two generations are actually necessary 
to raise plants homozygous for a character which is a simple 
recessive such as the Spencer flower. 

The most probable explanation of the simultaneous appearance 
of these waved forms in different localities is that the original 
mutation occurred in one of the chromosomes of a homozygous 
(HH) Prima Donna plant, and that a few heterozygous (Hh) seeds 
giving jilants indistinguishable from Prima Donna were distributed 
under that name. The fact that the Spencer mutation involved 
both size and waviness of the standard and that degrees of size 
and waviness occurred among the original plants suggests that 
Prima Donna was heterozygous for one or more modif 3 dng genes 
acting only on the recessive (hh) forms, thus giving rise to degrees 
of size and waviness. 

It is interesting to note that the Cupid form which first arose 
in California in 1893 also appeared in England, France and 
Germany between 1893 and 1895 and prior to its distribution by 
Burpee in 1895. Here again it seems probable that the mutation 
occurred in a homozygous tall plant (Emily Henderson) and a few 

^ Owing to their finer form. 
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heterozygous seeds were distributed, which ultimately gave rise to 
the recessive Cupid forms. ‘‘ Emily Henderson was distributed 
by Hendersons of America in 1892. 

It was in the sweet pea that the explanation of the phenomenon 
of reversion on crossing was first given, and linkage discovered 
and worked out. The case of reversion ” to the purple type 
following the crossing of two white -flowered forms has been given on 
page 9 . The original instance of linkage was between purple -red 
flower colour (Aral) and long-round pollen (A 2 -a 2 ) and it was 
pointed out that the ratios obtained in the subsequent generations 
were explicable on the assumption that the four types of gamete 
were produced, not equally, lAB : lAb : laB : lab, but in the 



Fig. 20 


Provisional map of the chromosomes 
of Lathyrus odaratvs. (After 
ihinnett - modified.) The ap- 
proximate? cross -over values are 
shown at the right of the line. 


proportions 7AB : 1 Ab : laB : 7ab 
(‘‘coupling”). Subsequently, the 
chromosome theory provided an 
explanation of these unusual 
gametic series (see page 25). As 
will be seen from Table VI, 
there are five linkage groups 
and two independent genes, 
hence the number of linkage 
groups and independent genes 
does not exceed seven, the hap- 
loid number of chromoson^es in 
L. odoratus. 

The strength of linkage varies 
considerably among the different 
pairs of genes. It is strongest 
between Ai and A 3 with 1 per 
cent of cross-overs, and weakest 
between D 2 and D 4 with about 
48-49 per cent cross - overs. 
Chromosome “maps” giving the 


approximate positions of the genes which show linkage towards 
one another are given in Fig. 20 . 


A consequence of a high degree of linkage is that the “ cross- 


over ” forms appear very rarely, the strain breeding practically 
true. Thus in a cross between purple-hooded (AiEa) and red-erect 
(ajAs), of the four types of gamete produced, two, viz. purple-erect 
(A 1 A 3 ) and red-hooded (aiEg), occur in only about 1 per cent of the 
total gametes, i.e. the great majority of the gametes are of the 
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parental types, namely purple-hooded red-erect. Hence the 
F 2 generation consists of purple hooded, y)urple-erect and red-erect 
in the proportions 1:2:1, the purpie-hooded and red-erect 
breeding true, but the jmrple-erect continually giving three foims 
again. The chance of a true-breeding purple-erect apnearing is 
the same as that for a red-hooded, being in either case lees Dhan 
1 in 50,000. In recording the above facts Punnett indicates the 
possibility that this may explain the case of certain forms of 
sweet pea, which cannot be got to breed true, e.g. ^^Audrey Crier *, 
which liabirually gives ‘‘ Helen Lewis axid “ Princess Victoria 
in addition to plants like itself. 


The Gakden Stocu^, Matthiola incana (diploid 2n = 14) 

The garden stock has been grown in the gardens of England 
and on the Continent from early times and is sHll found wild in 
the Isle of Wight. 

The following brief history of its development under cultivation 
is taken from the excellent account given by Miss Saunders (1928) 
whose breeding investigations have contributed largely to our 
knowledge of the genetics of the stock. The type, Matthiola incana, 
is a hoary biennial of bushy habit with purple flowers and blacldsh- 
green seeds. 


Earliest I’ocord 

Character 

Mutant Oenes 

1536 

Only two forms described, 
purple and white 

cR or Cr (white) 

ir.42r 

Red flowers 

b 

1563-68 

Double flowers 

s 

1588 

Shades of purple 


1629 

Yellow plastids 

w 

1660 

Unbranched, single -spiked 
biennial (English Brompton 
stock) 


1762 

Half -hoary 


1861 

Glabrous 



The actual dates of origin of most of the above mutations are 
unknown ; the year given is for the first record of the respective 
characters. Each of the new characters arose apparently by 
gene mutation. Although one and the same species, the summer- 
flowering ten week stock is sometimes referred to as Matthiola 
annua, as distinct from the biennial Brompton stock. 
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Breeding investigations were begun by Correns (1900), followed 
by Tschermak (1912), Saunders (1928) and Lesley »and Frost 
(1927). The results of these workers’ experiments, together with 
the chief characters studied, are as follows. The genes C and R 
are both necessary for the production of anthocyanin in the flower. 
B converts red anthocyanin colour into blue. V is a gene causing 
the difference between pure, V, and impure, v, colour. The 
colours arising from the combination of these four genes may be 
represented thus : 


CRBV 

Purple 

CRBv 

Plum 

CRbV 

Red 

CRbv 

Copper 

All other genotypes . 

White 


In addition to these genes there are others which dilute flower 
colour, e.g. the dilute colours rose, pale marine, azure and flesh 
are dominant respectively to the deep colours carmine, marine, 
purple and terra-cotta. On the other hand, certain pale colours 
are recessive to deep ones, e.g. rose is dominant to pale lilac, 
suggesting that there are different diluting genes witli specific 
actions. In addition to these main colour genes Saunders has 
shown that two others, A and A', are also necessary for the 
production of anthocyanin even though C and R are present. 

In the absence of anthocyanin three-colour forms may be 
distinguished, namely white, sulphur-white and cream, the last 
two deriving their yellowish colour from the plastids. These 
colours are due to a single gene difference, white (W) being 
dominant to cream (w). Since W is not completely dominant 
the heterozygote is intermediate (sulphur- white) in colour. 

Hoariness of the foliage is governed by three pairs of genes, 
Cc, Rr and Kk, and three multiple allelomorphs, H, Hi and h. 
Any combination involving C, R, K and H (or Hi) is hoary, all 
others being glabrous. Degrees of hoariness occur, e.g. HiHiKK 
is half-hoary, HiHiKk is mid-hoary (i.e. less than half-hoary) and 
HihKK quarter-hoary, less hoary still. 

A unique instance of a C 3 dological character controlled by 
a single gene has been investigated by Lesley and Frost (1927). 
They found that a certain variety ‘‘ Snowflake ” had chromosomes 
which were distinctly longer than normal. Crossed with races 
with short chromosomes, the Fi’s were all found to have short 
chromosomes, but on selfing, a ratio of three short to one long 
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was obtained. Phis case is of considerable importance since it 
shows that the chromosomes themselves are subject to genetic 
control in the same way as other structures, internal and external, 
of the organism. 

The inheritance of single and double flowers in the stock is of 
outstanding and traditional interest. As early as 1629 it was 
known that there were two kinds of single-flowered races. Both 


Pu/"^ breed Strsin, E^crs/forh'nt^ Sfrain. 




Fio. 21 

Diagram showing tlio inheritance of double flowers in the Stock (see text). 

(After Philp and Huskins ) 

have the normal number of chromosomes (Allen, 1924). Tnherit- 
ance of singleness or doubleness in the first or piure breeding race 
is strictly mendelian, the homozygous singles breeding true and 
the heterozygous ones giving three singles to one double. In the 
second strain the singles are always ever-sporting and upon 
selfing give singles and doubles in approximately equal numbers, 
instead of the normal 3:1. 

In both pure-breeding and ever-sporting races the genes S and 
S differentiate singleness from doubleness, i.e. SS and Ss forms are 
single and ss is double. All double stocks are completely sterile, 
having neither pistils nor stamens. Breeding results show that 
the pollen of the ever-sporting singles transmits the double 
character only, and pollen tests of the two kinds of single support 
the view that a pollen lethal occurs in the ever-sporting race, the 
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female germ-cells of which are normal and carry both singleness 
and doublenes^ (Waddington, 1929). 

Philp and Huskins (1931) made cytological studies on stocks 
and found that, in the ever-sporting singles, one of the chromo- 
somes carrying the genes for singleness and doubleness lacked a 
trabant (i.e. a small terminal portion of chromatin) which was 
present in the pure singles (Fig. 21). It is this chromosome 
lacking the trabant that carries the gene S for singleness, the 
recessive gene s being borne on the normal chromosome. The 
locus of this gene is so close to the trabant that crossing-over 
practically never occurs between them ; the result is that the 
chromosome lacking the trabant almost always carries the gene 
S for singleness, i.e. the trabant and s are very closely linked. 
On the male side pollen without the trabant (and therefore 
carrying the gene for singleness) is lethal and incapable of effecting 
fertilisation. Thus all viable pollen carries the double character. 
On the female side, however, gametes without the trabant are 
practically all viable, only 3-4 per cent failing to take part in 
fertilisation. Thus the result of selfing a heterozygous single is 
very similar to that from back-crossing a normal heterozygote to 
a pure recessive, e.g. IS : Is xs giving ISs : Iss. 

Although the })roportion of doubles is strictly determined in 
the seed, the proportion of doubles actually grown and flowering 
may be increased by discarding the weakest seedlings at an early 
stage, since the singles are apparently on the average a little 
smaller than the doubles. Again, seed giving single plants is 
said to be a little less viable than double seed, in which case old 
seed may give a higher percentage of doubles. 

As Frost (1928) has shown, however, the proportion of doubles 
actually flowered may be increased definitely and considerably 
in another way. A certain form of the ever-sporting single 
Snowflake ”, characterised by slender leaves, has a chromosome 
fragment over and above the normal chromosome number 
(i.e. 14-1-1), this fragment being the part which also carries the 
S-S genes. About 37 per cent of the progeny from selfing this 
slender form are found to be slender also and of no horticultural 
importance, since they lack vigour and decorative value. The 
remaining normal plants, however, include nearly 90 per cent of 
doubles. In other words, if the slender type of plant is discarded 
in the seedling stage a large proportion of the single-flowered plants 
is also discarded — the slender character behaving as if closely 
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linked with ningleneHS. The reason for this uniimal segregation 
lies in the .fact that most slender plauts carry one gene for 
singleness and two for doubleness, the SSs progeii)^ like the Ss 
pollen, being unable to survive. In order to obtain tliis hjgh 
proportion of double-flowering plants, seed must, of course, be 
saved from the slender types in each generation and not from the 
normal singles, which should be discarded. 

We see, therefore, that in the case of the ever-sporting single 
slender types we have two instances in which characters of 
horticultural importance are associated with definite cytological 
phenomena, the origin of slender indeed being the product of an 
attempt by cytological and geneti(;al investigators in an American 
research station to obtain the complete range of trisomic stocks, 
these being required to elucidate a theoretical study. 

The inheritance of other characters investigated in the stock 
is as follows, the dominant character being given first in each case : 


Tall 

Branched 

Glandless 

Blue embryo colour 
Brown seed coat colour 


Dwarf habit 
Unbranched habit 
Glands on leaves 
Yellow embryo colour 
Light yellow seed coat colour 


The blue embryo colour is associated with coloured flowers, the 
yellow with white or cream flowers. In the absence of B, which 
changes purple flower colour to red, the embryo colour is brown 
instead of blue. 


Chiisese Primrose, Primula sine/mis (diploid, 2n=24) 

Among the numerous flowers which have been the subject 
of genetic study, the investigations on the Chinese primrose 
take a foremost place. Breeding experiments with this plant 
were begun early in the present century by Bateson and Gregory 
(1905 and 1911), and have been continued by de Winton (1923), 
de Winton and Haldane (1933), Sverdrup (1930) and others. 
References to a number of important publications by these In- 
vestigators are given in the accompanying bibliography. 

There are two forms of Primula sinensis in cultivation at the 
present time, diploids with twenty-four and tetraploids with 
forty -eight chromosomes. The tetraploids arose from the diploids 
spontaneously under cultivation. 
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Primula sinensis was first successfully introduced into England 
about 1820, a^d early descriptions show that the first plants raised 
were pin- or thrum-eyed, sinensis or stellata in habit of growth, 
but in other respects they were uniform. All of the other 
numerous varieties which exist at the present time have arisen in 
cultivation, and as far as is known they have all resulted from 
gene mutation. 

The history of the Chinese primrose following its introduction 
to Europe is not easy to trace in regard to the appearance of 
definite mutations. Certain gene mutations appear to have 
occurred more than once, e.g., g, y, and probably o and m. In 
Britain only a fimited number of varieties seem to have been 
cultivated until about 1860, but from this date the development 
of P. sinensis began to grow apace, the subsequent twenty-five 
years seeing the production of numerous varieties. 

The principal developments since the introduction of the 
Chinese primrose are given in Table VII. The dates in a few cases 
are approximate only. 


TABLE VII 


History of Primula sinensis (mainly hi Krujla,7ui) 


1819 Seeds and plant sent from Canton, China. Died. 
ca. 1820 Plant brought from China and flowered. 

Sinensis type, magenta flowers, thrum ? 

1821-26 Seeds arrived from Mr. Potts, China. 

Sinensis and stellata forms. Chief source of cultivated 
varieties 

1824 First record of pin style 

First record of purplish-crimson flowers =red stigma 
1827 First whites recorded 

1838 Fertile double magentas and whites offered by 
Anderson, London 

1837-42 Nine varieties offered by Bosse, Germany, including a 
double white. 

1846-48 Crimson and “ Sirdar ” forms figured 
1850 Sterile doubles grown before this date 
1854 Bosse had a fern-leaved form ? Not preserved 
1861-65 Fertile double — deep magenta, carmine, red, pink, 
bluish and white varieties listed. 

1862 Flaked forms figured. Fertile doubles received from 

Continent. Twelve well-marked varieties in cul- 
tivation in England 

1863 Fern leaf arose before this date 
Leafy calyx 

Duchess types recorded. 


ch 

s 
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TABLE VII — continued 


1864 

Large eyes recorded 

a 

1866 

Large and medium eyes figured (also white and g^een 
foliage. V, j ?) 

A 

1869 

Fifteen to twenty sorts grown at Glen Eyre. 


ca. 1880 

“ Reading Pink ” 

V 

1884 

“ Reading Blue ” 

r 

1884 

“ Snowdrift ” 

vj 

1887 

Crimped leaf 

fs 

1902 

White eye 

A' 

1905 

Purplish stems and leaves 

1 

1906 

Coral flowers 

k 

1907 

Ivy leaf 

iv 

1909 

Tetraploids. 


1913 

Lee’s crimp leaf 


1919 

Harlequin flowers 

h 

1922 

Peculiar eye 

P 

1925 

Feeble-minded habit 

w 

1928 

llrnbellated habit 

u 

1929 

Maple leaf 

mp 

1930 

Cup leaf 

c 

1930 

Ghost eye 

sp 

1931 

Claw leaf 

z 

1933 

“ Dazzler ” 

dz 


De Winton and Haldane (1933) have described the action and 
interaction of twenty-five pairs of allelomorphic genes and two 
sets of three multiple allelomorphic genes in the dij)loid P. sinensis. 
Of these genes two or three are dominant to the original type, the 
remainder recessive. Eleven of the genes affect anthocyanin, four 
affect the plastids of the flower, three of them also having 
structural effects. The remainder have purely structural effects, 
four acting mainly on flower structure and one mainly on bract 
structure. In addition one extra-nuclear factor governs the 
colour of leaf chloroplasts. The genes and their action are 
given in Table VIII. The genes Ch, D and A' which are 
italicised are dominants over the wild type. The remaining 
mutant types are recessive, but Jj plants are intermediate in 
some respects. 

De Winton and Haldane have provisionally divided the genes 
into groups according to their most conspicuous effects, as follows : 


Genes intensifying anthocyanin . 
Genes inhibiting anthocyanin 
Gene altering anthocyanin 


. V J K E H 
. G D I L B 
. R 
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Genes inhi-biting flower plastids and flatten- 
ing edge of leaves and petals 

Genes affecting flower structure . 

Genes affecting leaf structure 

Genes affecting both flower and leaf structure 

Gene affecting habit ..... 


jF (three allelo- 
morphs) 

' A (three allelo- 
morphs) 

Ip 

S X M Ch N 
Y 0 T Mp C Z 
W Iv 
Q 


TABLE VI 11 


Linkage 

Group 

Gene 

Action of Gene 

Appearance of Mutant 



s 

Shortens style, lengthens 

“ Pin ”, long style, short 




anthers 

anthers (probably pre- 
sent in nature) 



B 

Blues anthocyanin, in- 

Red flowers 




creases flavone 


I 


X 

(Converts extra petals into 

Sterile double flowers 




stamens, etc. 




G 

Suppresses anthocyanin in 

Red stigma, tlurk centre to 




flower centre 

flowers 



L 

Partly suppresses antho- 

Dark 2)urplo stems and 




cyanin in stem and leaf 

leaves 



p 

Restricts eye, flattens petals 

“ Peculiar ” large eyo, 
rolled i>etals 1 



F 

Suj)presses growth of loaf 





edge 


11 


fS 


“ Sutton’s ” moderately 




crimped leaf, normal eye 
“ Lee’s ” intensely crimxfed j 






leaf, large eye 

1 


Ch 

Increases flower growtli, 

” Sinensis ”, fringed 2:)etals, ! 

1 

1 


V 

shortens stem 

ten calyx teeth 




Suppresses anthocyanin in 

White flowers 

III 


1 

flowers, esi)ecially at edge 

i 


|E 

Spreads anthocyanin over 

Flaked 2:)etals 




petals i 




.M 

Suppresses extra whorl of 

Fertile double flowers 




petals 




Y 

Shortens leaves 

“ Fern ” leaf 

IV 


H 

Makes petal colour and size 

“ Harlequin ” flowers 




uniform 




K 

Oxidises pink anthocyanin 

“ Coral ” stems, 2'jalo or 




to darker type 

white flowers 

V 

(0 

Joins leaflets 

“ Oak ” incised leaves 

Mp 

Lengthens hairs, alters leaf 

‘ ‘M a2de’ ’ leaf, semi -glabrous 


1 

edge 
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TABLE \m-~continv^^d 


Linkage 

Group 

-- W- 

GeiKi 

Action of Gene 

1 

Appeaninrci of Mutant 


fR ' 

Acidifies petal sap 

Blue flowers 

VI 

Inhibits overgrowth of calyx 
and bracts i 

Leafy bracts aiid JaT'ge 
calyces 


V 

Makes anthocyanin 

Green stems, white — pale 
pink flowers | 


J 

Makes anthocyanin 

Green stems, “ Sircar ” 
flowers 


I 

Slightly dilutes anthocyanin 

Deeply coloim^J flowers i 


A' 

Suppresses plastids of eye 

“ Alexandra ” white eye 
in flower 


A 

Restricts plastids of eye 



a 


Large “ Primrose (hieen ” 
eye, very short style 


Sp? 

Intensifies plastids of e^^e 

“ Ghost ” eye 


Ep ? 

Restricts petal number 

Extra petals 


T 

Makes leaves rounder, and 
incises them 

“ Tongue ” triangular 
leaves 


C ? 

Increases vigour of plant 

“ Cup ” leaves, small un- 
healthy plants 


Z 

Expands leaf, suppresses 
dorsal comb, etc. 

“ (law ” leaves, rf)llod up 


Iv 

Makes leaf margins crenate 

“Ivy” leaf, reduced 
flowers 


W 

Increases vigour of plant 

“Feeble-minded ”, stunted 
plants 


Q 

Causes open growth 

Rosetted 1 labit 


u ? 

Reduces leaf number and 

I’lnbellated, often fasci- 



stem size 

ated liabit 


As will be seen from Table VIII, a number of thei.e genes have 
effects secondary to the major ones by which they are usually 
identified. Moreover, a large number of interaction effects arise 
from the many gene combinations possible and result in unforeseen 
character modifications. Thus plants lacking the anthocyanin 
modifiers V and L are also female sterile, the ovules failing to 
develop. Crimping of the leaf is much greater when combined 
with sinensis flowers than with stellata, and crimped lea\es 
combined with large yellow eye results in very small flowers wliich 
drop easily. 

The genes A' — A — a provide a good example of the action of 
multiple allelomorphs. A' gives a white (“ Alexandra ”) eye, A 
the normal (medium) yellow eye, and a a large yellow Primrose 
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Queen ”) eye. The A factors thus cumulatively inhibit the pro- 
duction of yellow plastid pigment. 

As will be seen from Table VIII, the factors S, B, X, G and L 
are all borne on one chromosome and constitute the first linkage 
group in P. sinensis. In gg plants the gynaecium, and especially 
the stigmatic surface, is coloured red, flower colour usualty only 
reaching full development when G is absent. The combination of 
these full-coloured flowers with the purplish leaves found in 
ll plants was a notable example (the first) of the practical 
application of the theory of linkage. G and 1 and g and L are 
situated close together on the first chromosome and are therefore 
tightly hnked. Actually the cross-over form GL was expected 
only once in 6500 ^ plants of the F 2 , and it was not found until 
over 6000 plants of the F 2 were actually raised. Among the 
progeny, however, a plant was noticed to have red stigmas 
combined with leaves slightly darker in colour than the normal. 
Although heterozygotes cannot usually be distinguished, this 
plant was suspected of being heterozygous for L, a suspicion which 
was proved correct when, on selling, the new combination of 
dark flowers and foliage was obtained. These plants were later 
distributed by Messrs. Sutton & Sons under the name Etna 

Linkage in the diploid P. sinensis varies from about 2*5 per cent 
between G and L to over 40 per cent between S and L. 

The genetic constitutions of some of the varieties in commerce 
to-day have been given by de Winton and Haldane (1933) and 
are reproduced below. 


Sutton’s Royal White 

,, Double-white Purity 
,, White Star 

„ Queen of the Pinks 

,, Coral Pink . 

„ Coral Pink Star . 

„ Crimson King 

„ Etna . 

„ Vesuvius Star 

„ Czar . 

,, Reading Blue 

„ Duchess 


ss DD ChCh 
ss BB vv ii mm ChCh 
ss DD A'A' 11 
ss bb vv mm ChCh 
ss kk gg bb ii ChCh 
ss kk gg bb ii 
ss KK gg bb ii ChCh 
ss bb gg 11 ii ChCh 
ss bb gg ii Chch 
ss gg rr ii ChCh 
ss rr ii ChCh 
ss bb gg DD ChCh 


^ In a similar and strictly comparable case one cross -ovf^r was obtained in 6843 
plants. 
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Primula sinensis (tetraploid, 2n =*48). 

All forms of tetraploid Primuhi smensis have arisen from the 
diploid race and are therefore auto4etraploids. Their fertility is 
lower than that of the diploids, but high enough lo enable seeds 
to be obtained fairly readily. 

The cross tetraploid >: diploid occasionally gives seedlings, the 
majority highly sterile triploids with thirty-six chromosomes, and 
a few fertile tetiapJoids arising appa^rently from the fuDction- 
ing of unreduced pollen grains with tventy-four chromosomes. 
The reciprocal cross, diploid x tetraploid, has only once given a 
seed. 

Twelve or thirteen of the genes studied in the diploid are 
found in the tetraploid, viz. s, b, g, 1, Ch, D, y, v, A', a and ep, 
while X was formerly found in it. Since in the tetraploid there 
are four chromosomes of each type as (jompared with two in the 
diploid, each of the genes may occur from one to four times, the 
possibilities therefore being much greater than in the diploid. 
For example, instead of only SS, Ss and ss plants we may have 
five different genotypes SSSS, SSSs, SSss, Ssss and SSSS, and if 
dominance is not complete cumulative effects will be obtained. 

Of the dozen or so genes studied S and V appear to be 
completely dominant, i.e. even Ssss cannot be distinguished from 
SSSS. G is almost completely dominant. The different dosages 
of B can be distinguished in certain combinations. Y and A can 
always be recognised in the simplex form. Ch is less dominant 
than in the diploid, while all four types of D are readily dis- 
tinguished in the presence of g, but less readily when G is present, 
since D^G may also be white. Similarly, all forms of F show some 
degree of crimping. Thus F is not dominant at all in tetraploid 
P. sinensis, and D is greatly affected by the interaction of other 
genes. Results such as these clearly demonstrate that not only 
is the ratio of dominant to recessive genes of critical value in the 
character expression of polyploids, but a change in number, 
though not in proportion, of the genes may also alter the pheno- 
typic expresvsion. 

We see, therefore, that the cumulative action of identical genes 
in polyploids may not only considerably increase the range of 
variation but in high polyploids give rise to imperceptible grada- 
tions, as described subsequently. When a number of similar 
genes govern the same character the expression of dominance is 

F 
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essentially more variable. Indeed certain balances may sug- 
gest that a character is recessive whereas others may point to 
dominance. 

The deliberate transference of a mutant gene from the diploid 
to the tetraploid race of P. sinensis is a laborious task, only 
accomplished by the crossing of a tetraploid plant with a diploid 
homozygous for the desired gene. For example, in 1927 de Winton 
crossed a tetraploid (LLLL) primula with pollen of the purple- 
leaved diploid variety Etna ” (11). From this cross a tetraploid 
was obtained, apparently from the functioning of an unreduced 11 
gamete from Etna. By selfing and crossing the progeny of this 
plant, the tetraploid form of Etna (1111) was eventually obtained 
in 1934, thus making many new combinations possible in the 
giant race. Recently two other genes have been transferred to 
the tetraploid strain in the same way. 

It is therefore evident that the accident of the unreduced 
gamete may be of considerable importance to the plant breeder, 
in the first place because it is the commonest way in which poly- 
ploids arise, and secondly because it is the means whereby selected 
genes maybe transferred from the diploid to the tetraploid condition. 


Antirrhinum (diploid 2n = 16) 

Baur and his co-workers have raised very large numbers of 
these plants, including a number of species and species hybrids. 
In all about 200 genes have been studied, the great majority of 
which are recessive mutations causing minor changes in the 
phenotype. Among the more important characters investigated 
are habit of plant, flower form, colour and pattern, leaf shapes, 
chlorophyll deficiencies and pollen incompatibility genes. Of 
considerable interest are Baur’s experiments on the rate of 
mutation in Antirrhinum. As shown in the histories of Primula 
sinensis and the sweet pea, gene mutation has, under cultivation, 
given rise to new forms from time to time. From these and other 
records the frequency of mutation appears to be low, but Baur 
found that when large numbers of Fg and Fg generations are grown 
the frequency may be as high as from 1-3 to 7 per cent. Practically 
all of the mutations are recessive, the heterozygous being indis- 
tinguishable from the dominant homozygous forms — hence the 
necessity of raising Fg generations to reveal the mutations. The 
rate of mutation has been very considerably accelerated by the 
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use of X-rays, chemicals, heat and other nu ans, as mar} mutations 
being found in the year following X-ray tr *aLment as had occurred 
in the whole of the prcv^ious twelve years. 

RndbeeJeia Jiirta (2n ‘tS) 

The typical rohmr ot tlie discs in the flowers of this species is 
purple. Blakeslce (1921) found two genetically different races 
with yellow' discs, oiu‘ giving a blacl reaction with potassium 
hydroxide end the c'tlua* a reddish colour. These two yellows 
were recessive* to tiu^ purple colour and crossed togetlier give a 
purple Fi and a dihybrid ratio of nine purple : four red -yellow" : 
t hrc(^ black-yellow' in F 2 - 

Among the many other plants which have been studied 
genetically the following examples are of particular interest. 

In Tro2oaeolu7ti majns (2n==28) forms with variegated leaves 
commonly occur, the variegation resembling an irn^giilar marbling 
of green and yellowish wdiite. In the great majority of cases 
variegation mosaic in appearance is due either to a virus which 
may be transmitted by conta(d or inoculation, or the variegation 
has an extra-nuclear origin and is transmitted maternally, through 
th(^ cytoplasm. In Tropaeohmi, however, the variegation is 
inherited as a simple recessive character, green leaf being corn- 
pletcdy dominant (Correns, 1920; Warren, 1919). A similar example 
is reported by Correns in I^yomoea im'perialis. 

Campanula 2 >€^rsicifolia , which normally grows two to three 
feet high, sometimes gives dwarf forms about S inches liigh with 
ijitense dark green leaves. This dwarf form is so strikingly 
different from the normal that it is known among horticulturists 
as C. nitida. Nevertheless Bateson (1920) has shown that nltida 
is a variety of C. 2 ^(''^^icifolia from which it differs by one gene 
only, i.e. it is a simple recessive, the tall habit of C. persicifolia 
being completely dominant. C, and C. nitida are 

both diploid torms (2n = 16). A giant form, “ Telham Beauty ”, 
which arose from the diploid C. 2 ^^'^^^icifolia, is a tetraploid with 
thirty-two chromosomes (Fig. 22). 

In contrast to the simple inheritance of the rather striking 
characters just mentioned is that shown by the velvety-black 
viola, Viola tricolor nigra (2n=26). Clausen (1930) has shown 
that this darkest of all colours in Viola is an extremely recessive 
condition in which five genes, suppressing the black colour. 
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are all in the recessive condition, while three dominant polymeric 
genes necessary for the production of anthocyanin colour (violet 



Fig. 22 

A, ( 'anipau ula persicifolia, diploid with sixteen somatic chromosomes ; B, 
“ Telham Beauty ”, a tetraploid with thirty -two clirornosomes which arose 
from the diploid species; C, C. persicifolia, var. nitida (2n = 16), a dwarf 
recessiv’e of C. persicifolia. (After Gairdiier, 1926.) 

or reddish) must be present. Thus the constitution of the flower 
colour of Viola tricolor nigra may be written 

1114111^ lUglllg A .2^2 ^3^3 
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Inter- srECiFic Hybrids 

So far, the examples we have given in this chapter liave d'^alt 
with variation within established species. Many of our most 
valued decorative plants, how^ever, are interspecific hybrids of 
more recent origin, and the phenomena associated with their 
origin and behaviour will now be considered. 

Generally speaking, the behaviour of inter-specific hybrids, 
both in regard to fertility and segregation, is largely correlated 
with the alfinity of their parents. Species which are very closely 
related and have the same chromosome number usually give 
fertile offspring whenever the cross is made, e.g. Antirrhinum 
majm x .1. lAnkianum and Lyco2^ersicum esculentiim x L. racemi- 
genmi, 

A typical example of inheritance in fertile species hybrids is 
seen in the inter-specific crosses made by Chittenden (1928) in the 
Vernales section of primula. Crosses were made mainly between 
P. Juliae, P. acaulis and P. elatior but also with P. officinalis and 
various polyanthus types. The following is a brief summary of 
the breeding results. 

Flower colour. — The Fi between elatior (deep yellow) and Juliae 
(magenta) usually had yellow flowers. Some plants of elatior, 
however, gave, when crossed with Juliae, an Fj consisting of 
yellow -flow ered and coloured (anthocyanin) plants in approxi- 
mately equal numbers. 

The Fi between acaulis (pale yellow) and Juliae (magenta) had 
flowers j)igmented with anthocyanin, two shades occurring. In 
the Fg at least six shades of colour were detected, in addition to 
yellows and whites. 

Chittenden interprets the results as follows : — Juliae carries 
two genes affecting anthocyanin colour, a colour gene R and 
an intensifier D ; elatior carries an inhibitor of anthocyanin, I, 
which is effective against D and R in the heterozygous as well as 
in the homozygous condition. Most of the elatior plants used 
were homozygous for I. A few were heterozygous and gave equal 
numbers of coloured and yellow flowers in the Fi elatior x Juliae 
mentioned above. 

Pin and Thrum. — The segregation obtained was sharp in both 
intra- and inter-specific crosses, thrum being clearly dominant. 
The difference between pin and thrum styles is apparently 
governed by a single gene. 
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Hairiness. — Juliae is semi -glabrous ; acaulis and elatior are 
very hairy. The Fi in each case resembled Juliae. .,The results 
suggested that acaulis (and probably elatior also) carry two genes 
for hairiness, while J uliae contributes an inhibitor. 

Peduncle. — Elatior (umbellate inflorescence) x Juliae (solitary 
flowers) gave an Fi all with pedunculate inflorescences. In 
crosses between pedunculate and non-pedimculate species the 
difference between these characters appears to be due to a single 
gene. 

Eye Colour. — Both amulis and Juliae have a yellow eye ; in 
elatior the eye colour is orange. In the F^’s from elatior x Juliae 
and elatior X acaulis all the individuals had orange eyes, the 
evidence from the F 2 ’s and back-crosses suggesting that eye-colour 
also is the expression of a single gene difference. 

Other observations made were : Deep flower colour is almost 
invariably associated with the semi-glabrous condition seen in 
Juliae. Juliae eye was never seen on a white or yellow flower. 
Deep flower colours or Juliae eye rarely if ever occur on an acaulis 
leaf type. As Chittenden suggests, many genes in many different 
chromosomes are probably necessary, for example, to give acaulis 
leaf shape, so that in plants having this leaf shape the chromosome 
complex is predominantly acaulis. A similar argument may be 
used to explain the other cases. 

It should be noted, however, that with continued breeding 
and selection it is probable that forms would be obtained combining 
the contrasting characters of the parent species, e.g. acaulis leaf 
with the deep flower colour of Juliae^ as the result of selection of 
cross-over types. 

In a number of other species-crosses in Godetia, Nemophila and 
Phacelia Chittenden was able to show that the relation of the 
characters he studied was the same in inter-specific crosses 
irrespective of whether a pair of characters (1) was common to 
both parent species, (2) occurred in one species only or (3) occurred 
in distinctly different sections of the genus. 

Banging from fertile hybrids such as those mentioned above, 
examples are known in which the degree of fertility of the hybrids 
grades from high fertility to almost complete sterility, the degree 
of fertility being proportional to the regularity of pairing between 
the parental chromosome complements. 

Complete sterility of the hybrid ensues when the chromosomes 
are too differentiated to pair regularly. Among bulbs, herbaceous 
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plants and shrubs, many sterile but highly deeorativ^ plants have 
been obtained from inter-Bpecifio crosses, and since they are 
maintained and multiplied by asexual means their sterilitv is 
of no immediate consequence to the horticulturist. The genus 
Cytisus affords several examples, C. kewensis {C. Ardoini \ C. 
alhus), and C. Beani, which is presumably derived from G, 
Ardoini x C. pvnjans. 

Occasionally, sterile liybrids such as these may suddenly 
become fertile, as in the (^ase of Primula kewensis ( P. floribunda^ 
n 9, X P. >)erticiUafa^ n ^9), the original form of which was for 
many years compU^iely sterile, Newton and Pellew (1929). Later 
a fertile inflorescence gave seed, which was the source of the giant 
fertile strain (T kewensis with eighteen pairs of chromosomes. 
A})parently a cell- wall had failed to develop in a somatic division 
of the chromosomes, thus giving rise to tissue with double the 
number of chromosomes. 

An increasing number of cases is known where chromosome 
doubling has occurred in sterile species hybrids, and in each case 
fertility is seen to be restored. Each chromosome has an identical 
partner, and pairing, disjunction and germ-cell formation are in 
consequence quite regular. The tetraploid P. kewensis breeds 
practically true, since verlicillata rarely pair with floribunda 
chromosomes, so that there is little or no segregation of specific 
characters ; and in addition the parent species must have ])een 
largely homozygous, since little segregation occurs within the 
respective genetic complements. 

Where .one or both of the parents of species hybrids are 
heterozygous then segregation may occur at once and give rise to 
a number of forms. In this respect the origin and behaviour of 
certain garden forms of Delphinium are of special interest. The 
hybrid D. belladonna has been grown in gardens for many years 
and no record exists of its first appearance. It is well known, 
however, that for a long period it was sterile, until in 1902-3 
Mr. G. Gibson of Leeming Bar obtained three seed pods, from which 
the fertile race of belladonna originated. Now D. belladonna is 
exceptional in that it is the only hexaploid Delphinium (2n =48) 
so far known, a fact that suggests it arose as a sterile triploid from 
the crossing of diploid (2n = 16) and tetraploid (2n =32) forms, the 
latter of which include the tall growing garden hybrids known as 
grandijlorum, hybridum, etc. The accident of somatic chromosome 
doubling in a flowering shoot would then give rise to more or less 
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fertile flowers as found by Mr. Gibson, whose note that only three 
fertile seed pods were found suggests that chromosome doubling 
was confined to a small part of the inflorescence. 

More recently an exceptionally interesting case has been 
reported by the Dutch nurseryman Mr. B. Ruys (1929). For 
many years Ruys had attempted to cross the red-flowered, dwarf, 
early flowering species D. ntidicaule with the tall blue species 
D. elatum, for the express purpose of obtaining a red border 
delphinium. His deliberate crosses did not succeed, but in the 
summer of 1929 a plant with a stem 4| feet high bearing dull 
purplish flowers appeared in a batch of nudicaule seedlings. This 
natural seedling proved to be intermediate between nudicaule 
and elatum in eVery respect. It was fully fertile, and the next 
generation gave the desired forms with red flowers. 

The cytology of the species involved gives the clue to the 
origin of the red-flowered race. D, midicaule is a diploid with 
sixteen chromosomes and D. elatum is a tetraploid with thirty-two. 
Since the hybrid was found in a batch of nudicaule seedlings it is 
highly probable that it arose from the meeting of an unreduced 
nudicaule egg-cell with a normal elatum pollen-grain, thus giving 
the fertile hybrid. The new red-flowered strain D, Ruysii 
therefore should be tetraploid (2n=32) and an examination we 
have made of the root tips of the original plant shows this to be 
the case. From a preliminary examination of meiosis it is also 
apparent that multivalent association occurs, i.e. crossing-over 
must take place between some of the nudicaule and elatum 
chromosomes, thus giving rise to certain of the new colour combina- 
tions obtained by Ruys in later generations. It is also probable 
that the original parents were heterozygotes, segregation occurring 
in F 2 and subsequent generations. 

It is noteworthy that not only have the desired red-flowered 
tall forms been obtained, but all colours between white, yellow, 
pink, red, purple to deep violet, some dwarf, others up to 5 feet in 
height. (The average height is 3-4 feet.) The new strain flowers 
early in May and has a longer flowering season than either parent. 

Thus two-colour series, viz. red and yellow from D. nudicaule 
and blue and white from Z>. elatum, have been combined in 
Ruys’ new strain — which is virtually a new species — and in 
addition the range of variation in regard to habit and flowering 
season have been considerably extended (cf. Dahlia). 

Longley (1928), Simonet (1929-32) and Randolph (1934) have 
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studied cytologically many species and varieties of Iris. Randolph 
and his collaborators have also published an iniormative summary 
of the history, origin and breeding of the Iris (Pridham et aL, 
1935). The European species Iris pallida and I. variegata and 
their derivatives are diploids with twenty -four, or appro:xi- 
mately twenty-four, somatic chromosomes. The Asiatic species 
1. cypriana, I. mesopotamica, I. macrantha and 1. trojana are 
tetraploids with Jbrty -eight chromosomes, and their derivatives, 
which comprise the majority of the tall bearded irises, are also 
tetraploid or approximately tetraplo’d. Among the latter, 
varieties occur with numbers slightly above or below the tetra- 
ploid numb(T, ranging from forty -six to fifty-one chromosomes, 
Hybrids between the diploid and tetraploid species would be 
expected to be triploid, and a number of varieties with tliirty-six 
chromosomes are known. Breeders of Iris commonly experience 
difficulty in crossing diploids such as 2 mllida and variegata types 
with the large -flowered tetraploid forms, and the triploid hybrids 
obtained from such crosses frequently have a pronounced in- 
fertility and usually their offspring lack vigour. This is also 
characteristic of the hybrids obtained from inter-crossing the 
dwarf and tall bearded varieties, which have different chromo- 
some numbers. 

I. chamaeiris, I. olbiensis and other dwarf forms have forty 
chromosomes. Exceptions are 1. pumila with thirty -two and 
the dwarf variety azurea which has thirty -six chromosomes. The 
varieties of hybrid origin obtained by intercrossing the dwarf and 
tall bearded forms are intermediate in height, blooming period 
and also chromosome number (forty-four). /. germanica, I. 
Kochii and I. albicans also have forty-four chromosomes, and 
Randolph states, this suggests a similar hybrid origin for these 
species. Randolph also discusses the possibility of polyploid forms 
arising from the functioning of unreduced germ -cells, an explana- 
tion also advanced by Simonet (1932) to account for the origin of 
the tetraploid variety Ambassadeur from the diploid variety 
Liberia, and the pentaploid variety Magnifica from the triploid 
Isoline. 

In the genus Iris, as in many other horticultural plants, 
vegetative reproduction allows forms to be perpetuated which 
could not be maintained by sexual means, and consequently the 
breeder may often use forms which are exceedingly complex 
genetically. Certain characters in Iris appear to have a relatively 
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simple mode of inheritance. In many characters, however, such 
as height of flower stem, shape of flower and to a Jarge extent 
flower colour, there is a wide diversity of forms. Sharp dis- 
continuity and complete dominance of characters do not occur, 
and it is probable that much of the difficulty experienced in inter- 
preting breeding results on a genetic basis is due to the hybrid 
origin and polyploid constitution of many members of the genus. 

From these examples the importance of the unreduced gamete 
is clearly evident. In crosses between diploid varieties it may 
give rise to tetraploid forms, and, as we have seen in the tetraploid 
Primula sinensis, by its aid genes may be transferred from the 
diploid to the tetraploid strain. 

In species-crossing the chance occurrence of unreduced gametes 
makes it possible to get fertile species hybrids where, normally, 
sterile and useless plants would be obtained, or no seed at all. 
It is possible that recognition of the great possibilities associated 
with the functioning of the unreduced gamete will, in the future, 
lead to the deliberate crossing of species and varieties which, 
because of differences of chromosome number and constitution, 
normally fail to give any results of practical importance upon 
crossing. From both the academic and the practical point of view 
any method which stimulates the production of unreduced gametes 
will be of great value, since polyploidy, in addition to being 
frequently associated with increase in size, may also be accompanied 
by increase in the range of variation with the consequent emergence 
of new types of outstanding value. 



CHAPTER V 


THE CHEMICAL AND GENETKJAL BASIS OF FLOWER 

COLOUR 

Flowers may be conveniently divided into three colour classes, 
(i) white, (ii) yellow and (iii) red and blue. Variation within thes^ 
(^lasses comprises intensification, dilution, increase in redness or 
increase in blueness of tone, and in the past the geneticist when 
analysing the inheritance of flower colour has classified the 
differences observed in terms of these four variables. 

In recent years, however, collaboration between geneticists and 
biochemists has yielded accurate information concerning the 
cliernical basis of floral pigmentation and the part played by genes 
in determining the nature and relative amounts of the substances 
responsible. 

The great majority of such substances are either anthocyanins, 
anthoxanthins or plastid pigments. 

Anthocyanins 

The anthocyanins are outstanding, since they are responsible 
for the scarlet, red and blue shades which predominate among 
ornamental flowers. They occur in the plant as sap-soluble 
glycosides, that is, they are compound molecules formed by the 
union of the true colouring matter with one or more molecules of a 
sugar. The colour-producing part of the anthocyanin molecule, 
known as the anthocyanidin, may be derived from one of three 
basic structures, pelargonidin, cyanidin or delphinidin, which 
differ only in the number of substituent hydroxyl ( - OH) groups 
in the phenyl ring (A, see Fig. 23). As the formulae show, 
pelargonidin has one hydroxyl group at position 4', cyanidin has 
two at 3' and 4', while in delphinidin positions 3', 4' and 5' are 
all substituted. In other words, cyanidin has one and delphinidin 
two more oxygen atoms in the molecule than pelargonidin. These 
differences represent one of the principal factors upon which 
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variation in flower colour depends, since an increase in the number 
of oxygen ato^ms (in the form of hydroxyl groups), results in a 
^ H H marked increase in blueness of 

^ ^ » » tone. Thus, cyanidin is bluer 

Cr ©'\-OH pelargonidin and delphin- 

I II I V = bluer than cyanidin, and 

H-C^ jC^ H H subject to certain other con- 

C C OH ditions which will be discussed 

Oh h Pelargonidin shortly, one can with reasonable 

^ H OH accuracy diagnose scarlet flowers 

I I • as being pigmented by pelar- 

gonidin derivatives, red and 

II I magenta by cyanidin derivatives 

H-c« C »C^ H H mauve, purple and blue by 

delphinidin derivatives. (Ex- 
OH H Cyanidin. amples : pelargonidin in the 

^ H OH scarlet pelargonium, cyanidin 

I • • in the red rose and delphinidin 

cf^©^>C-OH blue delphinium.) 

I I I As mentioned above, the 

H-c* H OH anthocyanins occur as com- 

^6^ C OH pounds involving one or more 

OH H Delphinidin molecules of a sugar. Of these 

Fig. 23 sugar molecules one is always 

The striieture of three basic antho- attached at the 3 position ] 

cyanidins, pelargonidin, cyanidin, jf there is a SCCOnd SUgar mole- 
delphinidin. may be attached either 

directly to the first one or it may unite with the anthocyanidin 
in quite a different position, at 5. Hence there are two classes 
of glycosides, (a) those with one or two sugar molecules attached 
at position 3, and (6) those with sugar molecules at both 3 and 
5. These two classes are visibly different in colour and con- 
stitute another important factor in flower colour variation, the 
3 : 5-diglycosides being always bluer than the corresponding 3-type. 
(Example : purple verbenas contain delphinidin 3 : 5-diglycoside, 
maroon verbenas contain delphinidin 3 -monoglycoside. See Fig. 
26, page 76.) 
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Fig. 23 


A third variable involving structural differences in the antho- 
cyanins themselves is the existence or otherwise of ‘‘ methylated ” 
anthocyanins. Methylation consists in replacing the hydrogen 
atom of a hydroxyl group by a - CH3 or methyl radical, and this 
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produces a lessening of the blue tone, i.e an increase in redness. 
So if a change involving an increase in the number of hydroxyl 
groups is accompanied by methylation, the increased blueness of 
tone will only be slight, whereas we have already shown that 
increase in the number of hydroxyl groups alone produces a marked 
blueing effect. This can best be shown by means of a diagram 
(Fig. 24). 

In general the only hydroxyl groups which are methylated 
are those at 3' and o'; that at 4' is never methylated. Thus 
ignoring sugar types there is only one kind of pelargonidin (having 
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Fig. 24 

{a) Cyan id in 

{b) Peonidin (3'-0-inethyl cyanidin ) 

((•) Dolphinidin 

{(i) Malvidin (3' : 5'-0-dimothyl delphinidin) 


no hydroxyl groups at 3' and 5' it cannot be methylated), but 
there are two kinds of cyanidin (cyanidin and 3 '-0-methyl 
cyanidin) and three of delphinidin (delphinidin, 3 '-0-methyl 
delphinidin and 3 '-5 '-0-dimethyl delphinidin). Each of these will 
have sugar molecules attached either at position 3 or at both 3 
and 5, giving rise to twelve anthocyanins all of slightly different 
colours, and covering a wide range from scarlet to purple. 

So far we have dealt with three factors influencing the colour 
of anthocyanins, namely : 

(а) The number of hydroxyl groups present. 

(б) The position of attachment of the sugar molecules. 

(c) The methylation of hydroxyl groups. 
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These factors are all dependent upon structural changes in the 
anthocyanin molecule, that is, the differences are mternal. We 
shall now see how conditions external to the molecule can affect 
the colour of anthocyanins in the plant. If a solution of carbonate 
of soda is added slowly to an extract of the petals of a red rose 
(cyanidin 3 : 5 diglucoside) in dilute hydrochloric acid the colour 
changes from bluish red, becoming, gradually redder, as the 
hydrochloric acid is neutralised. As more carbonate of soda is 
added the solution becomes alkaline and the colour changes from 
red to red-violet, violet and blue-violet and at last to a pure blue. 
This simple experiment illustrates the effect of one external (Condi- 
tion upon the colour exhibited by an anthocyanin, namely the 
jpH, i.e. the degree of acidity or alkalinity of the liquid in which 
it is dissolved. It is obvious, then, that flower colour will depend 
upon the of the cell-sap, and variation in this constitutes 
another factor to be added to our list. In the plant the limits of 
variation are considerably less than in the experiment described 
above, and actual measurements show that the sap in most 
flowers is slightly acid, the varying between the nmits 3-0-7-0. 

There are two other ways in which the colour due to an antho- 
cyanin may be altered without change in the chemical structure. 
The first of these is a phenomenon known as co-pigmentation, 
which will be discussed in connection with the anthoxanthins. 
The second is one about which very little is known ; it may, in 
fact, be due to more than one cause. In the majority of flowers 
the anthocyanin is in solution in the cell -sap, but where differences 
occur which are inexplicable on other grounds, it has been sug- 
gested that the anthocyanin may either be in a colloidal condition 
or may be in the solid state adsorbed by tannins. For example, an 
artificial preparation of colloidal cyanin appears much bluer than 
a true solution. 

Anthoxanthins 

The substances included under this heading are closely related 
chemically to the anthocyanins, but differ in colour, ranging from 
pale ivory to deep yellow. Like the anthocyanins, they are sap 
soluble and usually occur as glycosides. Structural variation is 
greater than in the case of the anthocyanidins, but the majority 
are analogous and fall into two classes, the flavones and flavonols, 
which differ in that the flavones have no hydroxyl group at 
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position 3. The formulae of representative members of each class 
are appendeci and it will be seen that in so far as the side ring is 
concerned, apigenin corresponds to pelargonidin and quercetin to 
cyanidin. See Fig. 25. 

Increase in the number of 
hydroxyl groups present in an 
anthocyanidin molecule results 
in increased blueness. This 
effect is manifest in the fiavones 
and flavonols, which become 
more yellow. Apigenin, for ex- 
ample, is ivory, whereas quer- 
cetin is pale ^^ellow, and the 
delphinidin analogues are a 
deeper yellow. There are four 
ways in which the anthoxan- 
thins are concerned in flower 
colour : 
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(а) In flowers which have Representatives of tho two antboxanthin 
no anthocyaiiin they may be 

directly responsible for some or all of the colour. 

(б) If a yellow anthoxanthin occurs together with an antho- 
cyanin, tlie resultant colour is a blend of the two, in the same 
way that orange is obtained by mixing red and yellow paints. 
This is strictly true only where the two substances are present in 
the same cell, and if, as sometimes happens, they are in different 
cell-layers, the result is not a blending but a background effect, 
visually much the same. 

(c) In the presence of anthocyanins, ivory anthoxanthins, as 
would be expected, do not contribute directly to the colour ; 
nevertheless, they are of great importance on account of their 
‘‘ co-pigmenting action. This phenomenon is as important to 
the plant-breeder as a change from one anthocyanin to another. 
Certain anthoxanthins (usually ivory) when present in the same 
solution as an anthocyanin, combine loosely, in some way as yet 
unknown, with the anthocyanin, so as to give a much bluer colour. 
The effect is very marked, and in many cases flowers j)igmented 
with a cyanidin derivative appear bluer than those containing 
an uncopigmented delphinidin glycoside. It is probably not 
an exaggeration to say that upwards of 70 per cent of garden 
flowers are co-pigmented, to some extent at leasf. The degree 
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of co-pigmentation varies with the nature of the anthocyanin 
— delphinidin^ derivatives being most readily co-pigmented and 
pelargonidin derivatives least. It also varies with the nature of 
the flavone or flavonol. There is no exact information on this 
point, but observations have shown that the yellow anthoxanthins 
do not generally behave as co-pigments. The great majority of 
blue, mauve and magenta flowers owe their blueness partially to 
CO -pigmentation, in the absence of which the flower colour is 
redder. Thus in Streptocarpus the loss of an ivory anthoxanthin 
results in purple instead of blue ; in the garden dahlia, chocolate 
instead of magenta ; in freesia, crimson instead of mauve, and 
so on. 

It should be noted that tannins sometimes share this property 
with the anthoxanthins ; this is the only respect in which they 
merit special mention. 

(d) It has been pointed out that there is a near relationship 
between the anthocyanins and anthoxanthins, as is shown by 
inspection of their respective chemical formulae. Therefore it 
might be expected that their syntheses in the plant would follow 
along similar lines. Evidence that this is so has recently been 
advanced (Lawrence and Scott-Moncrieflf, 1935) and it has inci- 
dentally thrown further light on the problem of flower colour 
variation. Not only are the anthocyanins and anthoxanthins 
formed in much the same way, but they are formed from the same 
starting material which may be limited in quantity. This results 
in competition between the two, and if most of the source is 
utilised in the synthesis of one pigment, then of necessity less of 
the other is produced. So in garden dahlias we find that there 
is competition between the anthocyanins and anthoxanthins, and 
certain flowers containing both types of pigments have less of 
either than a corresponding flower with only one type. For 
example, the presence of much yellow anthoxanthin may lead 
to almost complete suppression of anthocyanin, giving rise to 
delicately flushed “ apricot tints. 

Plasttd Pigments 

The plastid colouring matters comprise a number of yellow 
or orange substances such as xanthophyll or carotene, which are 
insoluble in the cell-sap. Structurally they are so different from 
the anthocyanins and anthoxanthins that there can be no question 
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of parallel syntheses. Hence interaction between the plastid and 
sap-soluble pigments does not occur. 

On account of their insolubility, co -pigmentation by them (if 
it were possible) is excluded, and they are unaffected by changes 
in In the absence of anthocyanins they are either solely 

responsible for flower colour or are supplementary to yellow antiiox- 
anthins. In the presence of anthocyanins their effect is purely 
that of a background, since there is no possibility of blending as 
with yellow anthoxanthins. Thus in the tulip the in troduction of a; 
yellow plastid pigment ])roduces such a background effect, the colour 
changing from pink, crimson or purple to orange, scarlet or brown. 

To summarise the position, variation in flower colour u 
brought about by one or more of the following factors. In the 
table, (dianges are shown in one direction only ; the reverse may 
be inferred. 
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/Yellow becomes orange. Alter- 
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The majority of these factors are known to be controlled by 
genes, whose action is highly specific. Thus a single gene may 
determine the presence or absence of an anthocyanin, a second 
may bring about a change in the nature of the anthocyanidin, a 
third may change the sugar type and a fourth control the pro- 
duction of a co-pigmenting flavone. For example, purple and 
maroon Verbenas differ in that the j)Lirple contain delphinidin 

G 
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3 : 5-diglycoside and the maroon delphinidin 3-monoglycoside. This 
is a single gene difference, and when an Fj plant containing the 
3 : 5-diglycoside is self-pollinated, purple and maroon segregate in 
the ratio of 3 : 1 . 

Primula sinensis provides numerous examples of other types 
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{(i) Pc'lar^onidin S-iuonosido — scarlet 
(6) Pelar} 2 :onidin 8 : /)-diiii()nosid€‘- — searlet-inagenta 
{(') ] leiphiiiidin 3-inonoside -maroon 
{({) Delphinidin 3 : 5-dimonoside — purple 

Verbena colour types 
(Scott-Moncrieff and Beale unpuldished.) 

of variation ; the change from red to blue can be brought about 
in stages, thus : 


bR f)lants Jia 

ve red flowers 

br 

,, slaty flowers 

BR „ 

,, magenta flowers 

Br 

,, blue flowers 


where B and R are genes governing the production of a co- 
pigmenting ivory flavone and more acid cell sap respectively. 
The anthocyanin in these cases is malvidin 3-monoglycoside, con- 
trolled by the gene K ; the recessive mutant k producing pelar- 
gonidin 3 -monoside. All these genes show normal mendelian 
segregation. 

Sireptocar'pus , Callistephus chinensis and Dahlia have been the 
subject of special investigations on the genetics and chemistry of 
flower colour, and will therefore serve to illustrate the general 
account previously given. 
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Streptocarpus 

The great majority of Streptocnrpy^ sper*ies come from Africa. 
Taxonomically they comprise two distinct groups : the caulescent 
and acaulescent species. The (jaulescent forms are n^a^nly foi’iid 
in Central Africa and the four in cultivation all have thirty rather 
small chromosomes. The acaulescent species come from South 
Africa and eleven in cultivation have thirty-two chromosomes, 
rather larger than those of the caulescent section. All species 
show a moderate amount of secondary association of the bivalents 
in pairs, and this 1‘act, taken into consideration with the rather 
high chromosome numbers, suggests that the species arc probably 
ancnent allo-tetraploids. Within each of the two sections many of 
the species hybridise freely ; they give progeny which vary from 
completely sterile to highly fertile. 

The history of the origin of the garden forms of Streptocarpus 
is fully recorded. Until the year 1884 there were only five species 
in cultivation, namely S. Bexii, introduced in 1826, with bluish 
flowers; S. polyanthus, ca, 1855, bluish; S. Gaxdeni, 1855. bluish; 
S, Saundersii, 1860, bluish ; and S. lutea, 1882, white. In 1884 seeds 
of S. Dunnii, with flowers of a bright brick-red colour, were sent to 
Kew from the Transvaal. It flowered in 1886 and was crossed with 
the bluish -flowered species S. Rexii and the w liite -flowered species, 
S. lutea. The hybrids flowered in 1887 and were intercrossed and 
backcrossed in all possible combinations. Later, one or two other 
species were crossed into the garden strain, but these all had bluish 
flowers. l)unnii is still the only species with red flowers. 

Seven blue-flowered species have been examined and their 
anthocyanin pigment has in all cases proved to be malvidin 
(3'-5'-0-dimethyl delphinidin) 3-5-diglycoside. Dunnii is pigmented 
with cyanidin 3-pentoseglycoside. It appears tlicrefore that, in 
so far as flower pigments are concerned, the contribution of 
any of the blue -flowered species which have been crossed into 
the garden strain would be practically identical, and the garden 
strain has arisen essentially from the crossing of forms pigmented 
with malvidin 3-5-diglycoside and cyanidin 3-pentoseglycoside. 

Breeding work on the genetics of flower colour in Streptocarpus 
has given results which are consistent throughout the genus so far 
as the investigation has gone. 

In the first place the garden hybrids fall into seven natural 
groups for flower colour, viz. ivory, salmon, pink, rose, magenta. 
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mauve and blues. These colour classes correspond to certain 
genotypes as follows : 


Ivory 

. All a forms 

Salmon 

Apmd 

Pink 

ApmD 

Rose 

. APmd 

Magenta 

APmD 

Mauve 

. APMd 

Blue 

. APMD 


A is necessary for the production of anthocyanin (pelargonidin) ; 
when P is present the anthocyanin is peonidin (3 '-0-methyl 
cyanidin) while malvidin is produced in the presence of M, The 
action of D is to attach a sugar residue at position 5 of the antho- 
cyanin molecule in addition to the sugar at position 3. 

From comparison of the garden hybrids with the species, it 
appears that, with the exception of the salmons and pinks, flower 
colour is due to various combinations of the two anthocyanidins 
and the types of sugar residue found in the species, the intermediate 
colours (mauve and magenta) resulting from recombination of the 
pigments of the parent species. The origin of the salmon and pink 
(pelargonidin) forms is not clear. As far as can be learnt they are 
mutations which arose in the garden hybrids not long before the 
Great War. The scheme for Streptocarpus is shown in Fig. 27. 

As mentioned on page 71 pelargonidin is never methylated 
even though a gene for methylation be present. Bearing this in 
mind it would seem that a gene for methylation is dominant 
throughout the hybrids examined. This gene must have been 
contributed by the Rexii parent, since the cyanidin of Dunnii 
is unmethylated. Should this gene be identified, then the full 
range of major structural changes in the anthocyanidin molecule 
which control anthocyanin flower colour will be demonstrated in 
Streptocarpus. 

Callistephus chineusis 

The china aster grows wild in the rocky hills of Northern 
China. In habit it is an annual, growing 2-3 feet high with a rather 
thin rosette of spreading branches ; the flowers are made up of 
violet-blue female ray florets and yellow hermaphrodite disc 
florets. Seeds were first sent to Europe from China in 1728, and 
yielded violet, red and white varieties. By the end of the 
eighteenth century, double and quilled flowers had appeared and 



„ Species „ .. ^ 

fiexil Uunnil (red fiomef^s) 
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the new colours rose, lilac, blue and purple. The first dwarf aster 
appeared about 1834 and the pyramidal habit about 1840. Sub- 



ssav9Vfg 


sequent variations and improvements have mainly concerned the 
form, size and colour of the flower. A true yellow form is said 
to have appeared in recent years. 
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The colour of the ray florets depends upon the presence of 
anthocyanin aind anthoxanthin pigments, but only the first of 
these has been studied (Wit, 1936). The flower colours may be 
divided into three classes, the blue, purple and red shades, which 
are controlled by a series of three multiple allelomorphs, R, r' and 
r, producing delphinidin, cyanidin and pelargonidin respectively. 
M determines the glycosidic type of the anthocyanin. In all M 
genotypes there are two sugar residues attached to the antho- 
cyanin molecule ; in mm plants there is only one. 

In the presence of I not only are the colours more intense but 
in r types cyanidin is produced in addition to pelargonidin and in 
the r' forms delphinidin apparently in addition to cyanidin. Two 
other gene pairs affect intensity. S dilutes the anthocyanin and 
increases its susceptibility to the bleaching effect of sunlight, 
while s intensifies the colour and confers resistance to bleaching. 
Pa also intensifies flower colour. 

Other characters which have been studied in the Chinese aster 
are as follows : 


Spreading — pyramidal habit 

• p-P 

Tall — dwarf 

. N— n 

Loose — compact . 

. C— c 

Single — double flowers . 

. D—d 

Quilled — normal . 

. T— t 

Plumed — normal flowers 

. 0— 0 

Normal — tubular ray florets 

. R— r 


The Garden Dahlia, Dahlia variabilis (octoploid, 2n =« 64) 

A large number of our most important cultivated plants are 
polyploids, some indeed being exceedingly complex in their 
constitution. Genetic investigation of such plants is likely to be 
a long and intricate process, owing to the intergrading of the 
characters, and the consequent difficulties of interpretation of 
results. In a simple diploid, cytological and genetical studies, if 
reasonably extensive, usually give a fairly clear picture of the 
disomic character of the individual (cf. sweet pea). Similarly, in 
the auto-tetraploid, although the results are more complex, a 
comprehensive study will usually lead to definite results of a kind 
recognised as characteristic for auto-tetraploids. Although a 
number of alio- and auto-tetraploids have been studied genetically 
very few higher polyploids have been investigated intensively and 
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even in these the evidence is largely fragn ontary and the analysis 
incomplete. In this respect the combined morphological, cyto- 
logical, genetical and chemical investigations on dahlia (Lawrence, 
1929, 1931 ; Lawrence and Scott-Moncrieff, 1934) provide a clue to 
the origin, constitution and behaviour of the complex polyploid 
individuals, and may be taken as representative of a iminber of 
our cultivated plants which are themselves less amenable to 
investigation. 

The natural habitat of dahlia is in the Mexican region f»f 
(-entral America. Tlie garden dahlia was first introduced into 
Eiiroj)e in 1789, when tv/o plants were sent from Mexico, one with 
purple and the other with rose-coloured flowers (Table IX). Littk 
variation occurred until 1804, when seeds were sent from Mexico 
by Humboldt, but from about this time a phenomenal change 
took place in the development of the dahlia. Numerous varia- 
tions of form and colour arose ; and at a rate probably without 
parallel in the history of domesticated plants. In a little over 
twelve years practically every colour we know to-day had appeared. 

TABLE IX 

History of Dahlia variabilis in Europe 

1789 Tjit rod need into Europe (Madrid) froniMexieo. Two plants — purple 
serni -doubles and single rose. 

1798 Introduced into England (Kew) from Madrid. Plants died. 

1802 .5 Distributed to France and (lennany. 

1804 Seeds sent from Madrid to England. 

Seeds sent from Mexico to Paris and Borl’n by Humboldt. 

1804-0 First extensive increase in variety. 

1800 Berlin Botanic ( Jardens bad 55 single and semi-double varieties. 

1808 First perfect double raised by Hartweg, Karlsruhe. 

1809 First white (single). 

1818 Practically all colours obtained. Numerous colour patterns ; red- 
ringed discs ; dark eyes, etc. Eighteen doubles and 100-150 
singles and semi-double varieties offered in English catalogues. 
1821 First double pure white “ Waverley ”. 

1 828 Early flowering dwarf plants twelve inches high raised by Douckelaar, 
Li6ge. 

1830 Anemone -flowered type. 

1831 Swiss amateur grows 1500 varieties. 

1841 Harrison grew 1200 double varieties. 

1845-50 Pompom type developed. 

1872 Cactus type tubers introduced from Mexico.* 

1900 Collarettes developed in France. 

1900-3 Paeony and decorative types developed. 

♦ But Bailey says J864. 
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At the present time only six species are in cultivation, but if 
the botanical descriptions of all the species recorded i^re examined 
we find that, with the exception of the garden dahlia, the genus 
may be divided into two groups for flower colour, (1) pale to deep 
magenta with ivory white varieties, (2) orange to scarlet with 
yellow varieties. The colours in Group 1 are due to two soluble 
sap pigments, ivory flavone which forms the ground colour, and 
pale anthocyanin, which mixed with the ivory flavone gives the 
magenta colours. The colour in Group 2 is also due to two sap 
pigments, yellow flavone forming the ground upon which deep 
anthocyanin gives the orange or scarlet colours. 

Examination of the great array of colours in the garden dahlia 
shows that this wide range is due solely to the mixture, in varying 
proportions and degrees of intensity, of the two flavone colours and 
pale and deep anthocyanin. Thus magenta and purple result 
from pale and deep anthocyanin respectively on ivory grounds, and 
similarly apricot and scarlet result from pale and deep anthocyanin 
on yellow grounds. If the ground colour is intermediate (cream 
or primrose), then when anthocyanin is present the flower colour 
is intermediate, e.g. pale or deep crimson according to the depth 
of the anthocyanin pigmentation. In the absence of both flavones 
and anthocyanins the colour is white. 

In other words, the great variety of colour in the garden dahlia 
is mainly due to the combination of the colours found separately 
in the two flower-colour groups into which the other species fall. 

Cytological examination next showed that with the exception 
of the garden dahlia four of the five species in cultivation had 
thirty -two chromosomes and the fifth thirty-six (LawTence, 1929, 
1931). Three of these species belonged to Group 1, and the other 
two to Group 2. The garden dahlia has sixty-four chromosomes. 

The fact that D. variabilis alone combined the colours of the 
two groups, suggested that it might be a hybrid between them, a 
view that was strengthened by the fact that it also had twice 
as many chromosomes, a not infrequent occurrence in fertile 
species hybrids. 

Breeding experiments were begun on the inheritance of the 
clearest character in dahlia, the flower colour, but before any 
results were to hand it was discovered that although the garden 
dahlia had twice as many chromosomes as the other species ex- 
amined, it was not tetraploid but octoploid. The evidence for this 
came from examination of meiosis in both the species and garden 
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forms (Lawrence, 1929, 1931). In the species with thirty-two 
chromosomes the bivalents tend to associate secondarily in 
pairs, a phenomenon which seems to indicate homology of the 
secondarily associated types (see page 35). The species with 
thirty-six chromosomes (Z). Merckii) also shows secondary associa- 
tion, but two of the chromosome groups consist of three bivalents 
each, thus indicating that the tw^o extra pairs (1 -i- 1*" + l“) are 

homologous with tw^o other pairs. No multivalent association what- 
ever was found in the above five species. Briefly, the cytological 
evidence showed that these five species were ancient alio tetraploids 
(i.e. hybrid tetraploids) in which secondary association alone indi- 
cated the true chromosome constitution. 

In D. voriabilis secondary association is particularly evident, 
groups of two, three and four bivalents occurring. In addition 
quadrivalents frequently and sexivalents occasionally are found. 
Primary and secondary association together show that D. vari- 
ahilis is a hybrid octoploid (i.e. a double auto-tetraploid) of more 
recent origin than the tetraploid species. 

When breeding was commenced it was discovered that all 
dahlias were self-sterile (self-incompatible). Because of this it 
was possible to make crosses in spite of the composite nature of 
the “ flower ” [capituUim) which makes emasculation impractic- 
able, and thus accomplish with ease what would otherwise have 
been a prolonged and unsatisfactory experiment. It was found 
that there were four main genes for flower colour, Y for yellow and 
I for ivory flavone ; and A for pale and B for deep anthocyanin. 
The inheritance of Y, A and B is tetrasomic, giving the character- 
istic tetrasomic ratios of 5 : 1, 11 : 1 or 35 : 1 in the appropriate 
crosses. The inheritance of I is also tetrasomic but modified owing 
to the simplex as well as the nulliplex forms being without pigment. 

Though all the genes are tetrasomic their expression varies. 
Y and B are completely dominant in the simplex condition, 
simplex, duplex, triplex and quadriplex being indistinguishable 
phenotypically. A is cumulative from simplex to quadriplex, 
AAaa being deeper than Aaaa, AAAa than AAaa and AAAA than 
AAAa. iiii is without pigment, liii is practically devoid of pigment 
and Ilii, Illi and IIII fully pigmented. In addition to these, a 
tetrasomic inhibitor H of yellow flavone progressively inhibits the 
production of this pigment, giving the cream and primrose shades. 
An inhibitor of ivory also seems to occur. The main genotypes 
and their colours are shown in Table X. 
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X TABLE X 

Showing the Main Genotypes for Flower Colour i)i Dahlia variabilis 

Flavones : I produces ivory flavone 

Y „ yellow „ 

Anthocyanins : A „ pale arithocyanin 

B „ deep 

Inhibitor : H cumulatively inhibits yellow flavone 


iyab —white 
lyab = ivory 
iyAb =rosy-magenta 
lyAb — bluish-magenta 
iyaB —rosy-purple 
lyaB = bluish-purple 


iYabh ) 
lYabh* I 


= yellow 


lYabH = cream to primrose 
iYAbh = apricot 
iYaBh = scarlet 
iYaBH = crimson 


* Y is (‘pistatir to I 


Two kinds of arithocyanin are found in the garden dahlia, 
namely cyanidin and pelargonidin diglycosides. They must not 
be confused with the pale and deep pigmentation, which may 
involve either arithocyanin. The anthocyanin may be produced 
in the presence of ivory or yellow flavone, and in the absence of 
flavone. The anthocyanins in Group 1 of the species are cyanidin 
types and the flavone apigenin. The anthocyanins in Group 2 
are pelargonidin types. 

It has been found that pronounced interaction occurs in the 
production of the pigments (Lawrence and Scott-Moncrieff, 1934). 
Thus when yellow flavone is produced in quantity, ivory flavone 
is more or less suppressed. Similarly the flavones and antho- 
cyanins compete with one another, the flavones having the greater 
effect, even to the complete suppression of the anthocyanin in 
certain genotypes— the precise degree of interaction depending 
upon the total number and proportion of all the flower colour 
genes present. 

Further, the chemical investigations on the flower pigments 
of the garden dahlia led to the remarkable discovery that the 
nature of the anthocyanin produced in the presence of A or B 
is not due to the action of a specific gene or genes for cyanidin 
or pelargonidin but depends entirely upon the total number and 
proportion of all the flower colour pigment genes. This differs 
from the other cases mentioned. Thus all A and AI forms pro- 
duce cyanin, all AY and BY forms pelargonin, whereas B or BI 
may produce either cyanin or pelargonin, depending on the 
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aggregate of the potential unit values c'f A, I, B and Y, which 
are 1, 6 ^ind 9 f respectively An aggregate of more than 
eight results in the production oi' pelargonin instead of cyanin. 
For example, all anthocyanin forms with Y produce pelargonin ; 
A and AI produce cyanin only ; Bbbbllii produces cyanin and 
Bbbbllli pelargonin, and so on. 

In addition to interaction resulting in alteiation in the nature 
and amount of specific pigments, the ivory flavone has a strong 
co-pigmenting effect upon cyanin, pelargonin being less affecteci. 

The experiments show that although only four main colour 
genes and two flavone inhibitors control the production of two 
anthocyanins and two flavones, yet the action and interaction < f 
these genes is complex in the extreme. 

It is now apparent why the garden dahlia was and is so 
variable. In the first place the introductions from Mexico were 
but forms of a species already widely varying, e.g. double forms 
were known in Mexico as early as 1575, where the dahlia seems to 
have been cultivated by the natives for a number of centuries. 
Secondly I), variabilis is a high polyploid and a hybrid between 
hybrids. Thus each of the eight types of chromosomes (Fig. 19) 
is not composed of eight identical chromosomes but consists of 
two half-sets, which because of their different descents have 
become more or less differentiated. Thus comparing the genes 
carried by the respective half-sets we should expect to find that 
some were identical or very much alike (e.g. A and B both produce 
anthocyanin but B produces a greater amount than A, a quantita- 
tive difference), while other genes would be rather more different 
(e.g. I and Y, which produce flavones that are qualitatively 
different). In brief, in D. variabilis the genes are either in 
duplicate (identical) or differ somewhat, though generally similar, 
each gene being at least tetrasomic, thus permitting of a very large 
number of possible combinations. The number of phenotypes 
is still further increased owing to the differential expression 
of the similar genes and their pronounced interaction effects. 
Finally the self-incompatibility of Dahlia enfor(;cs out-crossing, 
thereby maintaining the species in a highly complex heterozygous 
condition. 

Summarising the results of the experiments, the evidence 
strongly suggests that the tetraploid Dahlia species have descended 
from a diploid ancestral stock unknown and presumably now 
extinct. In their descent differentiation has occurred, giving rise, 
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among other differences, to the two flower-colour groups ; D, 
variahilis, therefore, combines the prodxicts of specifip differentia- 
tion with a high degree of polyploidy. Fig. 28 presents the scheme 
for the origin of the garden dahlia. 


Diploid ancestral stock 
2n = 16 

Hybrid diploid species 
2n = 16 



Group 2 

Scarlet or orange flowers 


Group 1 

Magenta or ivory flowers 


D. dissecta 
D, excelsa 

D. imperialis (2n = 32) 

D. Lehmanni 

1). Maximiliana ? (2n=:32) 
D. Maxoni (2n = 32) 

D. Merckii (2n = 3G) 

I), platylepis 
D. pubescens 
D. scapigera 



I) , coccinca (2n = 32) 
D. coronata (2u = 32) 

J) . gracilis 
D. tennis 



Hybrid octo])loid 
D. variahilis 
(2n=64) 


Flowers scarlet, magenta, yellow, ivory, etc. 

AAAA AAAA 
BBBB BBBB 
CCCC CCCC 
DDDD DDDD 
EEEE EEEE 
FFFF FFFF 

Carrying A anthoc. genes GGGG GGGG Carrying B anthoc. genes 
Carrying I flavone genes HHHH HHHH Carrying Y flavone genes 


Fig. 28 

Showing the origin and constitution of the garden dahlia Dahlia variahilis. 
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We have seen that flower colour in the garden dahlia depends 
ultimately op an intricate action and interaction of a number of 



genes. Other examples of this extremely complex action and 
interaction are seen in the great variation not only in colour, but 
also in pattern, size and shape of flower, leaf shape, habit, etc.. 


Fig. 29 

Inheritance of doubleness of the flowers in Dahlia variahilis shewing the parents 
and range of variation in F,. 
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found in the “ garden ” dahlia. Some of the characters are not 
so well defined as flower colour, being almost continuous in their 
variation. For example, a cross between a perfect single with eight 
petals and a perfect double with 160-170 petals gave immediately 
in the Fi a continuous range of forms in regard to doubleness, 
though neither parental form was recovered in a total of forty-eight 
plants (Fig. 29). Evidently a number of genes determine double- 
ness in dahlia, and even perfectly double or single plants may 
be distinctly heterozygous for these genes. Size of flower ”, 
breadth of petal, height and habit of plant are characters showing 
almost continuous variation, which are probably controlled by one 
or more tetrasomic, hexasomic or octosomic genes, or sets of genes 
slightly differentiated, and often cumulative in their expression. 
Characters such as the above, which are the expression of a 
number of differentiated polymeric genes (cf. the Apple, Chapter 
VII) cannot be precisely described as dominant or recessive, as in 
the case of characters governed by single or duplicate dominant 
genes. 

It is noteworthy that there is no record of a new character 
appearing in D. variabilis at a single step (cf. Spencer Sweet Pea). 
The characters have always appeared in a mongrel condition, 
plants having to be selected from generation to generation before 
the character is relatively homozygous and well expressed. There 
is little doubt that many of the references in horticultural literature 
to the time required for “ fixing ” a new character in some well- 
known cultivated plant all unconsciously refer to polyploid species 
like the dahlia, whose history reveals many examples of this kind. 
Hence in high polyploids comparatively slight but unusual varia- 
tions may be well worth treasuring, for continued selection may 
improve and establish them as attractive or useful novelties. 
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VEGETABLE AND SALAD PLANTS 

Tomato, Lycopersicum escnlentum (diploid, 2n=24) 

The tomato is a native of South America, from whence it was 
early introduced into the southern y)arts of Europe. Dodoeii - 
(1582) describes it as grown at that time in continental gardens, 
and says that its fruits were eaten as a salad, being dres.siHl witli 
pepper, salt and oil. Gerarde (1597) and Parkinson (1^56) 
describe it as grown in England for ornament and curiosity only, 
although they were aware that its fruits were eaten on the 
continent of Europe. Sabine (1819) states '' the great use which 
has been made of the tomato of late years for culinary purposes 
has occasioned it not only to be regularly grown in private 
gardens, but has also rendered it an object of cultivation for the 
market of the metropolis”. Sabine also records that “ the 
varieties of tomato with red fruit, which are at present (i.e. 1819) 
known in the gardens of Europe, are four, viz. the l^arge TiOve 
Apple, or Tomate Grosse of the French ; the Small Love Apple, 
or Tomate Petite ; the Pear-Shaped Love Apple, or Tomate en 
Poire ; and the ( -herry Love Apple, or Tomate (Au’ise”. Sabine 
also describes two varieties with yellow fruits ; the Larg(‘ Yellow 
Love Apple which was similar in all characters except colour to 
the Large Red Love Apple, and the Small or Cherry Love Apple 
which was raised from seeds obtained from France, where it was 
called Tomate Petite Jaune. Early in the seventeenth century a 
variety with white fruits was mentioned by Beslor (1613), but 
Sabine states that it appeared to have been lost to cultivation at 
the time of his paper mentioned above. 

In the tomato two pairs of genes govern the colour of the 
fruit, one pair the colour of the flesh, and the other pair the colour 
of the skin. Thus R gives red flesh, r yellow flesh, Y gives an 
opaque deep yellow skin, and y a transparent almost colourless 
skin. The combination of red flesh and yellow skin (RY) gives 
a bright red fruit, the common tomato of commerce. Red flesh 
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and transparent skin (Ry) give a dull red fruit. Yellow flesh and 
yellow skin (rY) give a deep golden yellow fruit, and yellow flesh 
and transparent skin (ry) give a pale yellow, almost cream fruit, 
which is probably the genetic constitution of the white tomato 
mentioned by Besler. 

During the present century the tomato has been the subject of 
intensive investigation. Hurst (1906), Hedrick and Booth (1907), 
Price and Drinkard( 1908), Crane (1915), Lindstrom (1924-32), Mac- 
Arthur (1926-31) and others have carried out genetic experiments 
with this plant. 

TABLE XI 


Characters 

Genes 

Dominant 

KecoHsive 

Anthocyanin pig- 

\ 



mentation of 

[ A, -El 

Purple stem 

Green stem 

stems and leaf 

1 A2“E2 

»> 

Purple stem be- 

veins 

j 


coming green 

Stature 

Di-di 

Tall 

Dwarf 

»> 

D2'~di2 

Ordinary dwarf 

Accentuated dwarf 

Leaf shape 

C-c 

Normal cut leaf 

Potato leaf 

>> >> • 

W-w 

99 99 

Wiry foliage 

,, colour 

L-1 

(h‘een 

Yellow or lutescent 

Hairiness . 

H-h 

Smooth, lacking 

Normal hairy con- 



long hairs and 
large glands 

dition 

Habit 


Tall 

Brachytic stem 




with short inter - 
nodes 

Inflorescence 

S-s 

Normal, sim])le 

Compound, much 



inflorescence 

branched in- 

florescence 

99 • 

Sp " Sp 

Normal, simple 

Self -pruning, more 



inflorescence 

or less deter- 
minate growth 

99 • 

Lrlf 

Normal, simple 

Leafy inflorescence 



inflorescence 


Foliage 

W,-w, 

Normal 

Wilty foliage 

Fruit 

P-P 

Smooth 

Hairy 

»> • • 

U-u 

Dark base when 

i Uniformly 



unripe 

coloured 

tf • • 

F-f 

Shape regular 

Shape fasciated 


0 or Pr-0 

,, short 

,, elongated 


or Pr 



>> • * 

N-n 

„ normal 

Nipple tipped 

>> 

R-r 

Red flesh 

Yellow flesh 

>> • • 

T-t 

»» »> 

Tangerine orange 

.. 

Y-y 

Yellow skin 

Clear skin 
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In recent papers Mac Arthur (1931, 1934) describes the results 
he has obtained in his investigations involving tventy-one genes. 
These genes and their characters are detailed in Table XI. 

In the course of his detailed investigations MacArthur has 
grown over 48,000 plants, and he states that monofactoriai 
inheritance of most of the characters has been definitely proved. 
Dominance is usually complete or nearly so, but the hairy 
heterozygote Hh is intermediate and segregates a typical 1:2:1 
ratio. The gene interactions of the two types of dwarfness lead 
to ] 2 : 3 : 1 ratios in F 2 , and those between the two forms of green 
stem produce 9:3:4 ratios. In both cases the appropriate 
crosses give the normal tall and normal anthocyanin pigmented 
stems in Fj. 

In Table XII are shown some of MacArthur ’s results, and the 
close approximation to the theoretical 3 : 1 and 1 : 1 ratios he 
obtained from Fg and back-cross families respectively. 

TABLE XII 


(Jliaract(‘r« 

Gene.s 

P 2 Families. 

Observed tlatios 
(8 : ] ration) 

Sack-crossed Families. 
Observed Ratios 
(1:1 ratios) 

Dominant 

Jlecessivc 

Dominant 

Itecessi ve 

Piirple-greeii stein . 

A-a 

3084 

1093 

482 

526 



3132 75 

1044-25 

505 

505 

Normal -potato leaf . 

C-c 

5473 

1874 

694 

619 



5510'25 

1836-75 

656-5 

656-5 

Tall -dwarf stature . 

D-d 

5283 

17^3 

560 

538 



5277 

1759 

549 

549 

Green-yellow foliage 

LI 

5392 

1772 

671 

569 



5373 

1791 

€20 

620 

S i mp 1 e - c omp 0 u n d 

S-s 

752 

213 

458 

444 

irifior. 


723 75 

241-25 

451 

451 

Smooth - fasciated 

F f 

2655 

893 

442 

426 

fruit . 


2661 

887 

434 

434 

Short elongate fruit 

O-o 

1919 

637 

521 

525 



1917 

639 

523 

523 

Red-yellow flesh 

R-r 

3629 

1176 

541 

553 



3603^75 

1201-25 

547 

547 

Yellow- transparent 

Y-y 

4443 

1408 

351 

296 

skin 


4388'25 

1462-75 

323-5 

323-5 


MacArthur states that the discrepancies between the observed 
and expected ratios in the above table are either small or not 
significant, or are reasonably explained, and there seems no reason 

H 
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to doubt the simple monofactorhil nature of any of these char- 
acters. In the case of yellow foliage the discrepancy appears to 
result from a lower viability in the recessive class, and disturbing 
effects of certation phenomena are suspected in the case of the 
Y-y genes. 

In the tomato, several examples of linkage occur, and six 
linkage groups involving sixteen genes have been established. 


I 11 III IV V VI VII Vlll IX X XI XII 



Fig. 


CUiroinosome maps for the tomato, the apf)roximat(^ location of twenty 

g(^ne\s in ton of the twelve pairs as dt'k^rmimnl by thi' linkajjje method. 
(After MacArthur.) 

These are : one group of four genes d p -0 S, two groups of tliree 
genes each, f-af lf and u-H-t, and three groups of two genes each, 
bf-y, C-Sp and w^-n. These genes and their approximate location 
in the chromosomes as given by MacArthur are shown in Fig. 30. 

Hackbarth, Hasenbusch and Sengbiisch (1933) have carried 
out a series of breeding experiments witli the object of obtaining 
earlier maturing tomatoes. They found tliat the small fruited 
Lycopersicvm racemigerum ripened eight to fourteen days earlier 
than cultivated varieties of Lycopersicum e^sculentum. In the F 2 
from inter-crossing varieties of these species a number of early 
maturing plants appeared, but only a few with good-sized fruits, 
and the authors inferred that large size of fruit was governed by 
multiple factors. A correlation was found between early flowering 
and early maturity, and the results indicate that earlier maturing 
forms of tomatoes may be obtained from the inter-crossing of 
L, racemigeruni and L, esculentum. 
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Tetraploid Tomatoes (2n ^ 48) 

The normal tomato is a diploid plant with 24 soniatie chn mo- 
somes. It has, however, been shown by Winkler (1916)^ J0rgensen 
(1928) and Sansome (1930) that by the simple process of de- 
capitating yonng diploid plants of vigorous growth, cid ventitioiis 
shoots may be induced to arise, a proportion of which are 
tetraploids with forty-eight somatic chromosomes. The somatic 


Diploid {2ny^'^ 
stock plant 



1 



diploid 
’ seed 


plant 

tetraploid 

^ 

plant 

U 


Fi(3. 31. — Titk Production of Tkikaplotd Tomatoes 

], Normal dijiloid tomato (2ii - 24) ; 2, di})loid cut back at (i rise 

to shoot h (diploid) and shoot c (tetraploid) ; 3, diploid plaut rais(‘d 
vogetat/ively from shoot of 2 ; 4, tctra]>loid })Iaut raised vegeta 
tively from slioot c of 2. (After Sansome and Zilva.i 


production of such tetraploids is diagranunatically presented in 
Fig. 31. • 

Th(‘ doubling of the chromosome number, by this method, 
in the somatic tissue, is of considerable value in genetic (experi- 
ments. Tetraploid plants can readily be obtained, and since their 
genetical constitution is under the control of the investigator, 
inasmuch as he can get comparable diploid and tetraploid plants, 
they provide valuable material for approaching some of the 
problems which arise in plants which have more than two sets of 
homologous chromosomes. 

The tetraploid shoots which arise from the callus formed on 
the decapitated surface are readily recognised by the fact that the 
stems are stouter, the leaves broader, less dissected, thicker and 
generally of a darker green than those of the diploid. Both the 
tetraploid and diploid shoots are easily propagated vegetatively. 

In a recent paper Sansome (1933) gives a preliminary account 
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of a series of experiments he is carr5dng out with such induced 
tetraploid tomatoes. He began his investigations ,with lines of 
diploid plants pure for one or more of the following genes : 
d-dwarf, S“Compound inflorescence, o-oval fruit, p-smooth fruit, 
r-yellow flesh, y-clear skin, and ai and Ea-lack of anthocyanin. 
These genes have been widely investigated in the diploid tomato 
and their hereditary behaviour determined. 

The experiments with the tetraploids, although still at an 
early stage, show many interesting features. The range of 
variation in the tetraploids is considerably greater than that in the 
diploids, e.g. Sansome states that there are nine possible colours 
of fruit in the tetraploid, of which five are not found in the diploid. 
Several of these have been identified. Thus the simplex condition 
of R (Rrrr) gives rise to an orange-coloured fruit, while further 
doses of R in the tetraploid and RR and Rr in the diploid give red 
fruit. Plants simplex for Y (Yyyy) are also distinguishable from 
plants with higher proportions of Y. In plants with a colour gene 
in the simplex condition other genes such as p also affect the 
expression of that gene, and the genes for fruit shape exhibit so 
many effects that it has not been possible, so far, to identify some 
of the types with certainty. 

Sansome and Zilva (1933), found the Vitamin C content and 
weight of dry matter in certain comparable diploid and tetra- 
ploid tomatoes to be almost twice as great in the tetraploids as 
in the diploids. In other tetraploids this was not the case. The 
juices from the fruits of the tetraploid forms contain considerably 
more dry matter than those from the diploid forms. 

The fertility of the tetraploid tomato is less than that of the 
diploids. Thus Sansome found that the tetraploid portions of 
diploid plants gave an average of 21 seeds per fruit, while the 
diploid portions of the same plants gave an average of 115 seeds 
per fruit. The germination was 35 and 64 per cent respectively. 
As described in a later chapter, the fertility of auto -polyploids is 
invariably lower than that of corresponding diploids. 

Lindstrom (1932) has described a tetraploid form of Lyco- 
persicum pimpindlifolium which, in contrast to Lycopersicum 
esculentum tetraploids, is highly fertile. There appears, however, 
to be some suspicion that this tetraploid may have been derived 
from both pimpinellifolium and esculentum, and its high fertility 
suggests that it is an allo-tetraploid rather than an auto-tetraploid. 

The segregation of certain of the genes studied by Sansome 
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in the tetraploid tomatoes are given in Table XIII. It will lb 
seen that in some cases segregatrion approximates to expecta- 
tion from random chromatid segregation, some to chromosome 
segregation, while other cases are intermediate between the two. 
Thus Sansome states that it is probable that random chromatid 
segregation is shown by d, p and s, while y shows chromosome 
segregation, the segregation of r being intermediate. 


TABLE XIII 

Tetkaploid Segkegation in the Tomato 
(After Sansome) 





Expected on 

1 

Expf'cted on 



Observed 

Cliroinosonie 

Randon , Chromatid 




Segregation 

Segregation 

Duplex plants selfed , 

s 

s 

/ 787 
\ 39 

805 

23 

790 

38 


D 

/ 995 

1019 

990 

5» >> 

d 

l 43 

28 

48 


P 

1 988 

1010 

990 

>» >> >> 

P 

( 50 

28 

48 


R 

1 647 

655 

639 

19 99 99 

r 

\ 26 

18 

31 


Y 

1 554 

556 

545 

99 11 99 

y 

1 17 

15 

26 


Ai 

i 172 

170 

169 

99 19 19 

ai 

\ 4 

4-8 

7*6 



/ 207 

210 

206 

99 99 99 

a, 

1 8 

5*9 

9-9 

Simplex plants selfod 

D 

1 611 

591 

565 

d 

1 178 

197 

224 


S 

/ 136 

132 

128 

99 99 99 

s 

\ 41 

44 

49 


P 

( 519 

465 

442 

99 99 99 

P 

\ 103 

155 i 

180 


The Garden Pea (diploid, 2n = 14) 

The cultivated varieties of pea are included in the Linnean 
species Pisum sativum along with a sub-species arvense which is 
indigenous to Persia. Remains of the garden pea have been 
found in the Stone Age and in the Swiss lake-dwellings of the 
Bronze Age. Whether it was cultivated in these times is unknown, 
but it is undoubtedly one of the oldest of cultivated plants. As a 
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result of his extensive researches Vavilov (1929) concluded that 
Pisum has bc^ui distributed from two primary centres, one in the 
Mediterranean region from which came predominantly the large 
types with large fruits and seeds, and the other in Asia giving 
rise to small types with small fruits and seeds. Thus no large- 
seeded peas are found in Persia, India or China. 

The history of the pea in this country since mediaeval times 
has been followed up by Sherwood (1898). From the names of 
varieties and from the records it is known that exchanges between 
France, Holland, Spain and England were very frequent. In 
England it is probable that peas were cultivated before the 
Norman Conquest. Gerarde’s (1597) and Parkinson’s (1629) de- 
scriptions of garden peas show that already in the first quarter of 
the seventeenth century there were variations in height and habit, 
in time of flowering, in texture and shape of pod and in quality 
of seed. With the y)ossible exception of dwarfness no important 
new character appeared until the end of the eighteenth century. 
Knight (1822) says that the sweet flavoured wrinkled pea was 
common in the shops of London in 1813, and he appears to have 
been the first to develop it by hybridisation, having (jombined its 
valuable seed qualities with other characters before 1799 (e.g. 
British Queen, Knight’s green and white wrinkled marrow peas 
and Knight’s Supe^rb). Besides Knight, two other English plant- 
breeders, Alexander Seton and John Goss, made hybridisation 
experiments on peas in the early part of the nineteenth century. 
Their results {Trans. Hort. Soc. 1824) are of especial interest, for 
their work was carried on to the second generation, so that the 
facts on which Mendel was to base his great discovery of segrega- 
tion some fifty years later had already been observed in this 
country. Goss (1822) found in a cross between peas with blue 
and yellowish white seeds that the first generation were all white 
like the male parent. He then states : Towards the end of the 
summer I was equally surprised to find that these white seeds had 
produced some pods with all blue, some with all white, and many 
with both blue and white peas in the same pod. Last spring, I 
separated all the blue peas from the white, and sowed each colour 
in separate rows ; and I now find that the blue produce only blue, 
while the white seeds yield some pods with all white, and some 
with both blue and white peas intermixed.” 

The blue seeds would now be called recessives, and the white 
seeds dominants, and Goss’s experiments provide a typical example 
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of dominance and segregation from hek roz 5 ;gous dominants, but 
without statistical data. 

Mendel began his historic experiuients, which were to the 
foundations of genetical science, in 1850. The characters he 
studied comprised tall and dwarf habits ; axial terminal 
inflorescences ; light green, dark green or yellow unripe pods ; 
round, smooth, angular and wrinkled forms of ripe seeds ; pale 
yellow, bright yellow, orange or green endosperm colour ; white, 
grcy-browm, kaither- brown seed coats, with or without violet 
spotting. H(^ realisf*d the necessity ot studying th? inheritance 
of particular well-contrasted (characters through several genera- 
tions, and thus was able to elucidate the principles of heredity 
wh(‘re others bad failed. His results, which were communicated 
to th(‘ Natural Hivstory Society of Briinn in 1865, were published 
in the records of the Society. Although the account of Mendel’s 
work was distributed to the chief libraries of Europe, no apprecia- 
tion or understanding w^as forthcoming fjom liis contemporaries, 
and it was not until the rediscovery of his work by Correns, de 
Vries and Tschermak in 1900, sixteen years after liis death, that 
it was acccc})ted as one of the most fundamental and important 
discoveries made in biology. 

Since 1900, a large number of w orkers have investigated inherit- 
ance in the pea. Wellensiek in his monograj)}) ( 1 925) has referemces 
to all pa])ers up to that time. More recent work includes that of 
Sverdrup (1927), Uasmiisson (1927), Hakansson (1929), J)e Haan 
(1951), Pellew and Sansome (1951) and Sansome (1952). 

The chief conclusions by different workers on peas may be 
summarised as follows : 

(1) The number of independent factors and groups of factors 
exceeds the number of chromosomes (n =7). 

(2) The linkage value for given genes may vary considerably. 

(5) More than 50 per cent crossing-over may occiu . 

(4) Single-factor gametic ratios often show striking deviations 
from equality. 

In the case of (1) and (2) it is probable that these anomalous 
conditions are due to segmental interchange leading to ‘‘ring ” and 
other multiple chromosome associations (see page 28). Eight 
different strains of peas are known, each with seven pairs of chromo- 
somes, which upon crossing to normal types give a proportion of 
half-sterile plants with multiple chromosome association. 

The occurrence of more than 50 per cent crossing-over probably 
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results from the preponderance of a certain type of chiasma 
formation, while the deviations found in respect o:^ single -factor 
ratios arise, at least in some cases, from differential pollen -tube 
growth. 

A list of the characters which have been most studied together 
with the linkage groups is given in Table XIV. Eight linkage 
groups are indicated, but it is possible that Group IV belongs to 
Group III. 

TABLE XIV 
List of Genes in Peas 


(This list is not complete ; it includes only those genes which have been 
the subject of many experiments) 


Dominant 

Recessive 

Genes 

Remarks 

I. Anthocyanin factors 




1. Coloured flowers . 

White flowers 

A-a 

Fundamental gene 
for colour 

2. Purple flowers 

Violet flowers 

Ar-ar 

2-5 affect the shade 
of pigmentation 
in flowers, axils, 
testa, etc. 

3. a 

Salmon - pink 
flowers 

B-b 


4 

Apple -blossom- 
pink flowers 

Ap~ap 


5. 

Pinkish white 
flowers 

Ain~am 


6. Pigmented axils, 

No pigment in 

D.-d. 

6-10 affect the dis- 

single ring 

axils 


tribution of pig- 
ment in the 
plant 

7. Pigment in axils 
broken, a double 

Single ring in 
axil 

D.-d, 


ring 




8.) 

Pod green if 8 or 

P1-Pl] 

Both dominants 

. Pod purple 

9 or both are 

^ 1 rl 1 

i 

necessary to 

9. 

absent 

P2“"P2 j 

make pod purple 

10. Testa uniformly 

Testa spotted or 

W-w 

Many other genes 

pigmented 

without pig- 
ment 


influence the dis- 
tribution of the 
anthocyanin in 
the testa 

II. Chlorophyll factors 




11. Cotyledons yellow 

Cotyledons green 

I-i 

The colour of the 
cotyledons is 

affected by 0~0 
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J)oniinQnt 

Recessive 

^Jenes 

Remarks 

12. Pods gi’een 

Pods creamy 
yellow 

0~o 

Full green cotyle- 
doUaS are not 

Stem green 

Stem pale 


found on 00 
plants if the 
seeds are 
wrinkled 

j 13. Pods green - 
Stem green 

Pods yellow 

Gp“'gj> 


14. Green foliage 

111. Morphological 
factors 

White foliage 

W,-Wt 

The white plants 
die in the seed- 
ling stage 

15, Long internodes, 

Short internodes. 

L-1. 

Tails may be L^LaLb 

tall plants 

dwarf 


orLeLaJb orLJ.Lp 

16 and 17. Short inter- 

Very long inter- 

L. 1. 

“ Slender ” peas 

nodes, dwarf 

nodes, “ slen- 
der ” peas, if 
both 1 6 and 
17 are absent 

L„ 1„ 

are taller than 
tall ” peas. 
Their inter- 

nodes may be 
15 cm. long 

18. Tendrils normal . 

Leaves in place 
of tendrils, = 
acacia pea 

Ti-ti 

Dominance incom- 
plete 

19. Leaves and ten- 
drils normal 

j 

No tendrils, only 
one leaf, “uni- 
foliate ” 

U„rU„i 


20. Stipules normal . 

Stipules much 
reduced in size 

St"St 


21. Wings normal 

Wings abnor- 
mal, keel -like 
structures 

K-k 

! 

22 and 23. Blunt- 

Pointed pods if 


Both dominants 

ended pods 

22 or 23 or 


are necessary to i 

when 22 and 

both are ab- 


make the pod | 

23 are present, 

“ stumpy ” 

sent 


stumpy 

24 and 25. Stems nor- 

Organs (“ emer- 


Both recessives 

mal when 24 or 

gences ”) on 


necessary to 

25 or both are 

the stem cor- 


make “ emer- 

present 

« 

responding to 
tendrils, when 
24 and 25 are 
absent 


gences ” 

1 

26. Stem normal 

Stem fasciated 

Fa-fa 


27. Pods straight 

Pods curved 

Cp— Cp 

Dominance in- 

complete 
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TABLE XIV ^ — continued 


Domln.int 

Recessive 

(jcnes 

liemarks 

28 and 29. PoHs liard 

Pods soft. 

p p 

Both dominants 

when 28 and 29 
are present 

“ sugar ” pods 
when 28 or 29 
is absent 

V V 

required to make 
hard pods. Pv 
gives a thin 

membra ne lining 
the pod. pV and 
pv are without 
a membiane in- 
side the j)od 

30. First flower liigli 
on st(*m, "date 
flowering 

First flower low, 

= early 

L, 1, 

Dominance incom- 
pkd-e. SeAf'ral 
()ther genes in- 
fluenc'c tliis char- 
acter 

31. Normal habit 

Foliage narrow- 
pointed, (don- 
gatod, small 

N-n 

Small plants, fer- 
tility reduced 

32. Normal pods and 
hal)it, fertile 

IV. Of hr factors 

(Wpeds split 

along suture 
(p o s t e r i o r), 
com pi et el y 
steriU^ as fe- 
mal(‘. IjoavtAs 
e 1 () n g a t e d, 
floAver abnor- 
mal 

F„-f, 


33. Hihmi black 

Hilum not ])ig- 
niented 

Pi”Pi 

TIk^ chemical nat- 
ure of the pig- 
mcait in tlie hilum 
is not known 

34. “ Round ” seeds, 
with starch in 
c o t y 1 e d o n s 
simple 

Wrinkled seeds, 
tlie starch 
compound 

R r 

Dominances incom- 
})leto 

35. Testa Avith brown 
m a r b 1 i n g 
“ Maple ” or 

“ Par t r i d ge ” 
peas 

Testa without 
brown mar- 
bling 

Mm 

Th(^ brown mar- 
bling is faintl>' 
devedoped in some 
wh i t e-flowered 
varieties. Its 
cheanical nature 
is not known 

36. So(m1s free in the 
pods 

Seeds aflhere, 

“ brochette ” 
j)eas 

S s 

In absence of A 
( ^ I) the seeKls 
are free or al- 
most free 

37 and 38. Bloom on 

No bloom pre- 


Either j*ec€\ssivf3 

stem, leaves 

and pods and 
“ gJ aueous ”, 

when 37 and 38 



sent or very 
little 

. 

gives emerald. 
Several other 

genes for emer- 
ald are known 
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Linkage Gkoiti s 

I. Genes U, 18, 23 

IL „ 11,12 

111. „ 3, 20, 8 

TV. „ 19, 35 

V. „ 38, 21 

VI. „ 1,30,31 

Vll. „ 15, 29ancn28 

VTII. „ 13, 27 


IvADisir, Raplianus saiims (diploid, 2n = 18) 

Genetical experiments with radishes have l)een carried out 
by several investigators. U])hof (1924) investigaL^d the inherit- 
ance of root-shape, colour and various other cliaractcristics of the 
radish. In crosses })etweon ycdlow-rooted and white-rooted forms 
a 3:1 segre^gation was obtained in F 2 . yellow lx ing dominant. 
(Vosses between varieties with red and varieties with white roots, 
such as Long lied and Tci(4e (white), Karly White and Early Red, 
and Long Red and Early White, gave purple in Fi and approxi- 
mately one red : two purple : one white in the second generation. 
I(;iclo (white) crossed French Breakfast (red), however, gave a small 
proportion of jhnk-rooted jdants in F 2 , iu addition to the expected 
parental types and purples, and the purples were greatly in v xcess 
of expectation. The red striping of the variety Triumph proved 
to be dominant over white, but in the second generation the ratio 
of red-stri})ed to white ayjproximated 1 : 1 instead of 3:1, which 
IJphof suggests may be due to the action of a gametic lethal. 

In the variety Long White, ITphof found from an examination 
of very young plants two distinct types ; some of the seedlings 
had red primary-cortex cells while others had white. This 
difference is only observable in the seedling stage, since as the 
roots become fleshy the red colour disappears. Some of these red 
seedlings bred true, others gave ratios of three red to one white, 
and others fifteen red to one white, indicating that the pigment is 
due to the occurrence of two duplicate genes. 

In all his crosses, where a difference in root shape was concerned, 
Uphof obtained simple mendelian results, and in all cases the Fi 
was intermediate between the two homozygous parents and an 
approximation to a 1:2:1 ratio was always obtained in F 2 . 
Thus Triumph (round) crossed Icicle (long) and Early White 
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(round) crossed Long Red gave an intermediate Fi, and one round 
two intermediate and one long in F 2 (see Fig. 32).^ Malinowski 



Fig. 32 


The inyioritance of root Hhape in th() radish. Showirij^ 
parents, Fj and Fg. (After Uphof.) 

(1916), however, from a cross betw^een Eiszapfen (long) and Vienna 
(round), found that the long shape was determined by several 
partially dominant genes, as L^, L^, etc. Uphof made crosses 
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between black winter radishes, which are characterised by the 
presence of a corky tissue around the j)eriphery of the roots, and 
the ordinary summer varieties. The corky character proved to 
be dominant in all cases, and the black colour dominant or ej^wstatic 
over the other colours. Crosses between round and conical black 
winter radishes gave intermediates in Fi and thirty-eight round, 
seventy-two intermediates and twenty-seven conical in Fg. 

In the summer radishes differences in the length and vigour 
of the foliage were found to be due to a single pair of genes. 


Lettuce, Lactuca saliva (diploid, 2n = 18) 

Durst (1929) investigated the inheritance of certain characters 
in the cultivated lettuce. In crosses between varieties such as 
Big Boston and May King which have anthocyanin pigment in 
their leaves and stems, and Grand Rapids and Paris White which 
are unpigmented, the coloured character proved to be a simple 
dominant. Crosses were made between black and white seeded 
varieties and black was found to be a simple dominant in all cases. 
Differences in length, width and area of leaf, plant length and 
rosette habit, and the time required to produce flowers, were 
found to be inherited in a quantitative manner. 

Durst also made crosses between cultivated varieties of lettuce 
and forms of the wild Lactuca scariola. In crosses between 
Big Boston and May King, varieties with unlobed leaves, and L. 
scariola, with lobed leaves, the latter proved to be dominant, but 
apparently -two complementary genes were involved. In crosses 
between lobed and unlobed wild forms only one pair of genes was 
involved. The anthocyanin pigment of the wild forms was 
dominant to unpigmented cultivated varieties. Crosses between 
cultivated varieties and prickly wild forms were made, and the 
prickly condition was dominant ; but in some cases, in following 
generations, the ratios deviated significantly from the expected 
proportions. 

Durst states that “ cultivated varieties apparently possess 
genetic qualities which respond more favourably to moist weather 
conditions than those of wild forms 

In an investigation relating to the inheritance of immunity 
to mildew {Bremia lactucae) in lettuce, dagger (1924) found that 
immunity behaved as a simple dominant to susceptibility to 
mildew, dagger tested a large number of varieties of lettuce and 
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found eight varieties which appeared to be entirely immune to 
mildew in both California and Florida. These were crossed with 
the popular variety Los Angeles Market or New York, which is 
very susceptible to mildew. All the first generation plants were 
immune, and the second generation gave ratios which approximate 
to three immune to one susceptible. From these experiments it 
was expected to obtain immune forms of the New York and other 
popular varieties. 

Onion, Allium cepa (diploid, 2n = 16) 

Tschermak (1916) and Meunissier (1918), working on the 
cultivated onion, both report a complex inheritance for bulb 
colour. Tschermak found dark yellow and red to be dominant 
to white in Fj, with a complex segregation in Fg. In Fg some white 
individuals gave coloured and white. Meunissier found that 
yellow normally behaved as a dominant over red, although a 
recessive yellow also occurs. 

More recently Rieman (1931) has investigated the inheritance 
of bulb colour in the onion, with special reference to disease 
resistance. The pigments are formed in the outer scales of the 
bulb. Five genes governing bulb pigmentation are postulated 
as follows : 

W, a gene for red pigment (anthocyanin) 

W^, ,, ,, yellow pigment (flavone) 

w, ,, ,, white (no pigments) 

I, ,, ,, incomplete inhibition of colour (antho- 

cyanin and flavone) 

i, ,, ,, allowing expression of colour (antho- 

cyanin and flavone) 

W, and w are considered to be multiple allelomorphs, W being 
dominant to and to w. I is incompletely dominant over 
i and inhibits both red and yellow. The four bulb-colour classes 
studied are given the following formulae : 

Red = Wi 
Red neck = WIi 
Yellow = W^i 

rWII 

White = I wl 
Iwi 
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It is of particular interest that red and yellow onions were found 
to be highl}^ resistant to the smudge fungus Colletotrichuw. 
circinans. Red and yellow bulbs grown in the held and sprayed 
with spore suspensions of the smudge organism were highly 
immune, whereas white bulbs showed typical smnrige lesions. 
In general red-necked bulbs showed intermediate resisrance. 

Laboratory tests were made by placing pieces of dry outer 
scales into drops of spore suspension of Colletotrichum circinans. 
In the presence of red or yellow scales distinctly abnormal 
germination occurred, whereas germination was n(>rmal in the 
presence of white scales. On the basis of these spore germination 
tests, the bulbs were divided into three classes, resistant, inter- 
mediate resistant and susceptible according to the amount ol 
toxic materials indicated. Most of the white bulbs were found to 
be extremely susceptible whereas a high correlation was evident 
between the heterozygous red-neck character and intermediate 
toxicity. White bulbs of the constitution WWIi and Wwli 
showed partial resistance to the disease. The toxic substance, 
protocatechuic acid, is formed in the outer scales of resistant 
onions. Reiman points out that although the pigmentt^d con- 
dition in the onion is closely correlated with resistance, the toxic 
substance which has been isolated is colourless. Thus although 
the genes W and are responsible for the production of red 
and yellow pigments respectively and for the ])roduction ol the 
colourless protocatechuic acid, there is the possibility that toxins 
may be formed without the development of red or yellow pigments 
and that resistant white onions may be obtained. 


Beetroot, Beta vulgaris (2n = 18) 

Extensive experiments on root colour in the garden beet have 
been made by Kajanus (1917). Kajaiius distinguishes four classes 
for root colour : dark red, pale red, white with green top and 
yellow. Anthocyanin is jjresent in the red forms and absent in 
the white and yellow roots. The scheme for the inheritance of 
these characters is as follows : GR plants have red roots, Gr 
yellow, gR and gr white. 

Cucumber, Cucumis sativus (diploid, 2n = 14) 

Wellington (1913) studied the inheritance of the following 
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characters in the cucumber : colour, size, number of spines, smooth 
or rough skii\ ; and obtained ratios approximating to disomic 
segregation. Smooth skin and small spines few in number 
appeared to be linked. 

The English forcing cucumbers are parthenocarpic and develop 
fruits freely without pollination. In most of the American 
varieties pollination is necessary to secure a satisfactory crop. 
Wellington and Hawthorn (1928) investigated the inheritance of 
these characters and found that the parthenocarpic character is 
almost completely dominant to non-parthenocarpy. Strong 
(1921) from crosses between English and American types of 
cucumbers found the presence of spines on the fruits to be 
dominant to spinelessness, and black spines to be dominant over 
white. In melons, Cucumis melo (2n = 24), Lumsden (1914) found 
that yellow skin colour was dominant to white, round fruit to 
elliptical, large fruit to small fruit and large seeds to small seeds. 
In Fi a close approximation to a 3 : 1 ratio was obtained in respect 
of all these characters. Other characters investigated were net- 
ting and ribbing of the fruit. The inheritance of these characters 
was more complex. The variety Sutton's Superlative, which has 
pronounced netting on the surface of the fruit but no ribbing, was 
crossed with Delices de la Table, which has deep ribbing but no 
netting. The Fi fruit was ribbed and netted, but in Fg wide 
variation occurred with respect to each character. 

Amongst many other vegetables investigated the following 
may be mentioned. In the carrot Daucus carota saliva the white 
skin colour is dominant to the yellowish-red colour, and the large 
root form of the giant carrots is dominant to the shorter, thick 
form of the garden carrot. The cabbage Brassica oleracea and 
other species in the genus Brassica, and the garden beans 
Phaseolus vulgaris, Phaseolus multiflorus and Vida Faba have 
been widely investigated. In beans, numerous genes governing 
colour of seeds and flowers, size, height and habit of growth have 
been elucidated. In the turnip Brassica rapa the deep violet-red 
colour of the root appears to be dominant or epistatic to the pale 
violet-red, and yellow recessive to white. 


Potato, Solarium tuberosum (tetraploid, 2n =48) 

The potato was introduced into Europe from the New World 
near the end of the sixteenth century, but like so many other 
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of our cultivated vegetables, its ongui is lost in antiquity. 
Apparently i^ was cultivated thousands of years before the 
discovery of America, especiall}^ in Chile and the Peru-Boli 7ian 
plateau. It has been concluded (J uzepezuk and Bukasov, 1929) 
that Chile and the neighbouring islands off the coasii of Chile 
were the chief centres from which the cultivated S, ivberosum 
was derived. 

The first mention of the introduction of the potato into Europe 
is by Clusius in 1587, who received indirectly some tubers from 
Spain. A year later Gerarde obtained tubers from (? via) 
Virginia. 

Among those characters of the potato which have been studied 
genetically, the following are included in Salaman’s (192G) 
dese.ri})tion of the two original introductions : 



Clusius’ Potato 

Gcrarde’s Potato 

Habit 

Upright, spreading 

Spreading 

Stein colour 

Bronzed 

Red in midrib 

Flower ,, 

Dark heliotrope on upper 
surface 

Pale heliotrope 

! Tubers, skin 

Beetroot-red, smooth 

White, smooth 

j ,, shape . 

CJylindrical, irregular 

Round to oval , very 
irregular 

, , eyes 

Very deep 

Deeji 

,, flesh 

White 

? Pale yellow 

Matiu’ity . 

Very late 

Mainevop 


There is little doubt but what these two introductions were 
the source of all the potatoes cultivated in Europe, at least until 
1851. Both were heterozygous in a number of characters and 
variations must have occurred as soon as ever plants were raised 
sexually from seed. There are no records of the origin of any 
new character by mutation under cultivation, and practically 
all of the large number of new forms which had been raised before 
1785 appear to have arisen by segregation from heterozygotes. 
By the end of the eighteenth century varieties with white, pale 
red, particoloured, dark red and black-skinned tubers were known, 
as well as forms with white or yellow flesh. Round, oval kidney 
and long finger-shaped tubers with deep, medium or shallow eyes ; 
colourless and coloured eyes ; early and late maturing, and dwarf 
and tall stocks, all abounded. 

In 1851 a new cultivated potato was obtained by Goodrich 

I 
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from Chile. It was named “ Rough Purple Chile ’’ and from it in 
later generati5ns were raised Early Rose and Beauty of Hebron, 
both of which were used as parents by English breeders. About 
the beginning of the twentieth century other species, e.g. S. Com- 
mersonii, S. edinense, were introduced and attempts made to 
hybridise them with domestic varieties, and still more recently 
extensive collections of wild forms have been made by the U.S.S.R. 
So far as is known, however, interspecific hybridisation has played 
httle or no part in the development of the cultivated European 
varieties, all of which apparently are forms of 8. tuberosum. 


Breeding : (i) Anthocyanin Inheritance 

Extensive experiments have been made, particularly by 
Salaman, Sirks and Black, on the inheritance of anthocyanin. 
The following is an attempt to summarise and co-ordinate the 
various hypotheses. 


(a) Tuber Skin Colour 

Tubers may be divided into two classes for skin colour, viz. 
‘‘ white ” and coloured. The “ white ” class varies from whitish 
to yellow or brown according to the amount of cork in the periderm. 
The coloured class has anthocyanin in the periderm cells, and 
may be further divided into forms with (a) red anthocyanin, 

(b) blue or purple anthocyanin. In both (a) and (b) the intensity 
may vary from very faint to deep. Anthocyanin may be dis- 
tributed (1) evenly over the whole surface of the tuber (e.g. Kerr’s 
Pink), (2) confined to an area involving the eye (e.g. King Edward), 
or (3) confined to areas between the eyes (e.g. Leinster Wonder). 
The distribution of pigment may vary somewhat from tuber to 
tuber, especially in faintly pigmented varieties. 

Salaman states that flavone is present in the fiowers of all 
varieties. 

The results of various investigations on tuber skin colour are 
given by Black (1933), who has summarised the several factorial 
hypotheses. These, with his own scheme, are presented in 
Table XV. Comparison of the several schemes shows that there 
is substantial agreement in regard to there being three main genes 
for pigmentation, namely 
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D, a basic gene, 

R, a red-coloiir produ gene, 
P, a bJue-colonr producing gene. 


TABLE XV 

Genes for Tuber Skfn (.Colour suggested by Various Authors 


Author 

Basic Gene 

] 2 

Red- 

produc- 

ing 

1 ? 

Blue 

produc- 

ing 

Dilrt- 

ing 

Restrict- 

ing 

Eye 

Colour 

Inten- 

sifying 

Iniiib 

ing 

Salaman (1910, 

D 

R .. 

P 






1920) 









Miiller (102:5) . 

G 

H .. 






Y 

Kelly (1024) . 

B 



D 

M 




Kranz (1925) . 

D 

R A 







Asseyeva ( 1926, 

D 

R R 

P 



A 



1930) 









Kohler (1927) . 

D 

R . . 







Sirks (1929) . 

D S 

R . . 

P 


[ 




Lunderi (1929, 

B 


P 




A 


1932) 









Huber (1930) . 

D 

R .. 

- . 






Black (1933) . 

D 

R .. 

P,B 





H 

1 


Salaman, Asseyeva and Black found D and R to be complementary, 
neither producing colour in the absence of the cHher. P, which is 
epistatic to R, was necessary in addition for the development of 
blue pigment. On the other hand, Sirks maintained that blue 
pigment could be produced by P and D in the absence of R. 
Sirks assumes a second basic gene, Kranz and Asseyeva a second 
red-producing gene, and Black a second blue-producing gene. Both 
Muller and Black assume a gene which inhibits anthocyanin colour. 

There is somewhat less agreement in regard to the genetic 
constitution of the parti-coloured varieties. Collins (1924), 
working with King Edward, considered that a dominant gene 
governed parti -coloured, and that uniformly cr>loured, parti- 
coloured and white might form a multiple allelomorphic series. 
Salaman supports this view, and suggests that a fourth gene may 
give ‘‘ picked ” (coloured) eye pattern. Kelly (1924) who worked 
with the variety Red McCormick in which the colour (as in King 
Edward) is restricted to the region of the eyes, assumed three 
genes, viz. B, a basic gene, D, a diluting gene, and M, which along 
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with D gives the Red McCormick pattern. Thus MBD = parti- 
coloured, (BI)Bd == dark, uniformly coloured, mBD = light self- 
coloured, all combinations lacking B being cream-coloured. 
Kranz, using the red-skinned varieties Triumph and Red 
McCormick, assumed parti-colour to be produced by the inter- 
action of the genes D and R, uniform-coloured tubers containing 
a third gene in addition. Asseyeva considered eye pigmentation 
to be governed by a gene A which is only active in the presence 
of D, and when absent results in eyes of light colour or no colour. 
Hence ARD = uniform-coloured and ArD = parti-coloured. A and 
R are linked. On the other hand Sirks concluded that three genes 
P, R and S, were involved in the production of eye colour, as 
follows : P(R)S =blue eyes, pRS =red eyes, all other combinations 
having white eyes. 


(6) Seedling, Sprout, Stem and Foliage Colours 

Muller (1923) assumed that the formation of anthocyanin in 
seedlings (the colour of which is associated with that of young 
sprouts from the tubers) was due to triplicate genes Ai, Bi and Ci. 
He also assumed three genes, B, D and E, for stem colour, while a 
fourth, X, inhibited it. Since seedling colour was always associated 
with colour in the flowers, stem and flesh of the tubers, Muller 
concluded that the Ai, Bj and Ci genes were either identical or 
closely linked with his A, B and C genes for flower, stem and flesh 
colour respectively. 

Sirks investigated the inheritance of anthocyanin in various 
parts of the plant, his scheme including the four genes D, R, P 
and S and a multiple allelomorphic series B, C and b. The chief 
effects of these genes are given as follows : P and R produce blue 
and red anthocyanin respectively in old internodes, but not in 
young internodes unless D is present. In the presence of S, P 
produces blue and R red eye colour in the tubers, whereas D also 
is necessary for the production of either blue or red skin colour. 
P is epistatic to R in all cases. B and C when homozygous produce 
blue and red pigments respectively in the seedlings, axil and 
sprouts. When B or C is heterozygous the axils only are coloured, 
b is the common recessive gene in this series of triple allelo- 
morphs. On the other hand DP, and DR also produce colour in 
seedlings, axils and sprouts, but in contrast to B and C, the 
heterozygous forms have colour in seedlings and sprouts as well 
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as in the axils and cannot be distinguished from the homozygotes 
by absence of pigment in those parts. Tiie DP, DB series is epis- 
tatic to the B, C, b series. 

The interrelations of the aiithocyanin colours in various parts 
of the plant ascertained by Sirks are given below ; 


Colours of tuber skins governed by 
,, eyes governed by 

,, young internodes governed by 

,, old in ter nodes governed by . 

,, seedlings, sprouts and axils . 


R, S, D and P 
R, S and P 
R, D and P 

R and P 

B, C, R, D and P 


(r) Tuber Flesh Colour 

The tiesh colour of the tubers may be yellow or white, and in 
addition coloured purple by anthocyanin. White is usually 
recessive to yellow, though Heribert-Nilsson (1913) obtained some 
white in the cross true-breeding yellow x white. He also found 
yellow-fleshed forms which bred true, as well as others which gave 
yellows and whites in the ratio 15 : 1 . Krantz (1922) on selfing the 
purple-fleshed variety Congo Black found purple colour to be due 
to a single gene difference. Muller (1923), on the other hand, 
described a coloured-flesh variety which, on selfing, gave a ratio of 
nine coloured to seven white. Crossed with a pure-breeding white 
variety it gave white-fleshed plants only in Fi. Muller suggested 
therefore that the formation of anthocyanin in the flesh is governed 
by the interaction of two genes, C and I ; and that the white- 
fleshed parent was homozygous for an inhibitory gene Z. Salaman ^ 
states that there is a definite linkage between the absence of 
anthocyanin in the flesh and a diluted purple skin colour. 

(d) Flower Colour 

According to Lunden (1932), flower colours in the potato fall 
into two groii-ps, coloured and white. The coloured varieties may 
again be divided into (a) red and reddish purple and (6) blue and 
bluish purple. Both the coloured groups range in colour intensity 
from a very pale to a very deep coloration. The tips of the petals 
may also be more or less white. The colour is confined to the 
upper epidermis of the petals. Salaman (1926) and Black (1930), 
however, have reported that certain of the white-flowered class 


^ Vide Matsuura, 1933. 
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possess a small amount of pigment, usually confined to the lower 
epidermis (cfi S, etuberosum with colour in lower epidermis only, 
and S, verrucosum with both surfaces coloured). 

A number of workers have shown that white flower colour is 
recessive to coloured. On the other hand white x white may give 
coloured forms. It has been concluded that various genetically 
different white-flowered varieties exist. 

Salaman (1912, 1926) interpreted his results on the following 
scheme : D is a basic gene which, alone, produces no colour in the 
flowers ; R in the presence of D gives red, while a third gene P is 
required for purple. Thus : 

PRD = purple, 

pRD = red (heUotrope), 

PRd = tinged white. 

Other combinations = white. 

From the analysis of his results Salaman states further that other 
colour genes must be concerned. 

Lunden (1932) assumes two complementary genes for flower 
colour, A and B. Neither of these genes produces flower colour 
alone, and each governs pigmentation in other parts, e.g. B 
produces a faint reddish tuber colour and faint tinging in some 
portions of the stem and leaves. A produces some pigmentation 
in the inflorescences, and acts as an intensifier of B in tuber and 
stem. Lunden also found it necessary to postulate other genes, 
namely A' with a similar effect to A ; F and G complementary 
to A (F only affecting flower colour) ; two complementary genes 
P, P' giving purple flowers but not alone or with A or A'. Lunden’s 
data were obtained from various crosses, therefore the precise 
relationship and action of the above genes is uncertain. 

Reviewing the foregoing experiments on the inheritance of 
anthocyanin in various parts of the plant it is clear that pig- 
mentation is governed by three main types of gene : (1) a basic 
gene, (2) a red-producing and (3) a blue -producing gene. To these 
may be added a fourth type, namely the anthocyanin inhibitor. 
Distribution of pigment, including coloration of the eyes, is also 
closely connected with the occurrence and functions of the main 
gene types. It is especially noteworthy that there is strong 
evidence of a number of duplicate (identical) or similar genes 
controlling pigmentation, e.g. two basic, two red-producing and 
two blue-producing genes (Krantz, Asseyeva, Sirks, Black) ; 
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Sirks’ duplicate series D, P and R and B, C, b ; Lundcn’s AA', F 
and G, etc. Certain of these genes are not identical, though 
closely similar in their effects, e.g. Salarnan, Asseyeva and Black 
found P was ineffective unless both D and R were present, whereas 
Sirks found P produced colour in the presence of D : DP and DR 
produce similar effects to B and C, but whereas D, P and R are 
independent genes, B and C (and b) are allelomorphs. The DPR 
series is epistatic to the B, C, b series, and the heterozygotes in 
the respective series express themsehes differently (Sirks). It is, 
indeed, highly proliable that a given gene (e.g. P) studied by one 
worker may not be the same P gene studied by another, and that 
failure to obtain similar results from apparently identical material 
may be attributed to the occurrence of these closely similar yet 
nevertheless different genes. 

The significance of the unquestionable occurrence of this 
complex of duplicate and similar genes is of considerable interest 
and will be dealt with in the discussion on the cytology of the 
potato, which follows. 

(ii) Tuber Shape 

Experiments by Salarnan showed that varieties with round 
tubers breed more or less true. Oval tubers give long, oval and 
round tubers from selling. The difference between long and round 
tuber shape is considered to be due to a single gene which is 
incompletely dominant. Salarnan concludes that modifying genes 
are involved in tuber shape. Results obtained by East, Fruwirth 
and Krantz support this view. Heribert-Nilsson (1913), however, 
found a round variety which did not breed true. 

(hi) Depth and Size of Eye 

Salarnan and Heribert-Nilsson consider that plants with deep 
eyes breed true and the Fi from deep crossed shallow eyes are 
more or less intermediate. On the other hand East’s results 
indicated that shallow eye was dominant. Heribert-Nilsson found 
large broad eyes were dominant to small round eyes. 

(iv) Disease Resistance 

Several workers have made investigations on the inheritance 
of resistance and susceptibility to potato wart disease (Synchytrium 
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endobioticum), Heribert-Nilsson obtained in Fi 29 per cent of 
resistant plants from the cross Jaune d’Or (very susceptible) x Up 
to Date (slightly resistant). Collins (1921) from the results of 
his investigations concluded that susceptibility was dominant. 
Orton and Weiss (1921) and Salaman and Lesley (1923) made more 
extensive experiments and concluded that there were at least 
four kinds of immunes : viz. (1) immunes breeding true, (2) those 
which, on selling, give fifteen immunes to one susceptible, (3) those 
which give three immunes to one susceptible, and (4) those which 
give nine immunes to seven susceptible. Three genes were assumed, 
X or Y conferring immunity in the presence of a complementary 
gene Z. Thus XYZ, XyZ and xYZ are immune types and all others 
susceptible. Evidences were found, however, of inhibitors of the 
immunity genes, e.g. President and Myatt’s Ashleaf (susceptible) 
give rise to a large percentage of immune plants when selfed or 
crossed. Various degrees of susceptibility occur, though little 
variation is found in the degree of immunity. 

Among other characters investigated Salaman and Heribert- 
Nilsson found male -sterility to be dominant to fertility, several 
genes probably being involved. The variety Edzell Blue, with 
normal pollen, was found to be heterozygous on its female side 
for male sterility. Krantz, Muller and Krantz, and Hutchins 
studied the time of maturity of the tubers and again the results 
indicated that this character was governed by a number of genes. 
Salaman says that the early-maturing character is recessive and 
breeds true. Salaman also investigated the degree of cropping 
expressed as the ratio of the tuber mass to above-ground haulm. 
He found higher cropping to be dominant, and two or more genes 
were involved. Long stolons were found to be dominant to short. 

The Russian workers have noted a number of periclinal and 
other chimaeras in their investigations upon the potato, and 
Asseyeva (1927) in particular has dealt with the problems they 
raise. It should be pointed out here that it is possible that the 
failure of workers to obtain similar results in their studies of 
certain characters (i.e. colour, disease resistance, etc.), might be due 
to the chimerical nature of the material used (see Chapter VIII). 

Cytology 

Cytological studies of potato varieties and species have been 
made by a number of workers, chief of whom are Smith (1927), 
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Vilmorin and Simonet (1927, 1928), Le^^itsk}^ (1927), Longley and 
Clark (1930), Rybin (1930), Meurman «nd Rancken (1932) and 
Miintzing (1933). As in the great majority of the Solanaeeae, 
the basic number in potato is found to be n = 12 and polyploidy is 
common. A list of the species examined and their chromosome 
numbers is given below (Table XVI) : 


TABLE XVI 
Solan uyn (Potato) S'^ecies 

Diploids (2n -24): S. aracpapa, S. Biikasovii, S. Caldasii, S. chacoense, 
S. Jamosii, S. rnuricatum, S. polyadeniurn, S. niderale. 

Triploids (2n-36): S. cardiophyllum, S. Commersonii, S. coyuacanurn, 
S. modians. 

Tctraploids (2n -48): S. acaule, S. ajuscoense, S. Antipoviclii, S. colom 
bianum, S. Fendleri, S. paliistre. 

Penlaploid (2n -60) : S. edinense. 

Hexaploid (2ri =72) : S. demis.sum. 

Also S. tuberosum varieties 2n =24, 36 and 48. 


Numerous varieties of the cultivated potato grown in Europe and 
the United States have been found to be tetraploids (2n =48). 

A great deal of light has been thrown on the constitution of the 
potato by the detailed analysis of Miintzing (1933) who examined 
diploid, triploid and tetraploid native cultivated varieties of 




Fig. 33 


polar vi©ws of motaphas© socond div’ision in Solanutfi tubevosuyii. Showing gioups 
of 2, 2 and 3, and 2, 3 and 4 chromosomes respectively, in (1) diploid, 
(2) triploid and (3) tetraploid forms of this spec3ies. (Af or Miintzing.) 


S, tuberosum received from Bolivia. The chromosomes were 
studied during meiosis, and in each of the diploid, triploid and 
tetraploid varieties examined a conspicuous grouping of the 
chromosomes was observed at metaphase of both first and second 
divisions (Fig. 33). In the diploid forms this grouping proved to 
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be secondary association. No multivalents occurred and meiosis 
was quite regular. In the triploid and tetraploid forms primary 
(normal) and secondary chromosome association wfere found side 
by side and meiotic irregularities were more abundant. In the 
triploid forms the frequency of trivalent formation was definitely 
high, thus indicating that these forms were auto-triploids. 
Meiosis in the tetraploid variety was fairly regular, though other 
workers (e.g. Longley and Clark) have found all grades of irregu- 
larity in tetraploid forms, pollen sterility being closely correlated 
with this meiotic irregularity. Miintzing found that seven diploid 
plants had an average of 75 per cent good pollen, the extremes 
being 63-94 ; thirteen triploids had an average of 25 per cent (ex- 
tremes 13-37) ; while the tetraploid varieties grown under the same 
conditions as the others had a variable pollen fertility ranging 
from 4 to 86 per cent good pollen. 

The rather wide variation in fertihty encountered in cultivated 
varieties is probably an expression of genetic variation in regard 
to those factors influencing chromosome pairing and the meiotic 
processes, e.g. temperature, which is known to have a very 
considerable influence upon pollen fertility in the potato. 

Miintzing ’s statistical analysis of secondary association is of 
great interest. Observations were made on first and second meta- 
phases in the diploid forms and on second metaphases (where only 
secondary association occurs) in the triploid and tetraploid 
varieties (Fig. 33). The results are given below (Table XVII). 

TABLE XVII 


Chromosome 

Number 

No. of Plates 
examined 
(Second Meta- 
phase) 

Chromosomes in Groups of 

1 2 3 4 .5 6 7 8 

Diploid 

(2n=24) 

46 

303 212 24 8 6 

55% 38% 7% 

Triploid 

(2n=36) 

40 

338 186 147 20 5 

49% 27% 21% 4% 

Tetraploid 

(2n=48) 

25 

187 118 90 76 15 24 14 24 

34% 21% 16% 14% 14% 
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The definite occurrence of secondary association in the diploid 
forms (Fig. 33) is highly significant. As shown earlier, secondary 
association arises from the affinity of homologous or similar 
chromosomes, which, although they may be too unlike to pair 
normally (by chiasmata), are sufficiently alike to be attracted 
under suitable conditions. The degree of secondary association 
therefore is a measure of homology and a rough indication of the 
age of the species (see page 35). In the diploid varieties nearly 
half of the total complement of twelve bivalents tended to form 
secondary groups of two bivalents eacn, strongly suggesting that 
the so-called diploid potato varieties are in reality ancient allo- 
tetraploid forms whose basic number is n = 6. This suggestion is 
supported by the occurrence of secondary groups with proportion- 
ately higher numbers of chromosomes in the triploid and tetraploid 
varieties. The frequency of secondarj^ association in the tetraploid 
varieties is considerably higher than that of multivalent associations. 
No multivalent association occurs in the diploids therefore 
they are not of recent origin ; differentiation of the corresponding 
chromosome sets (e.g. AA and A'A') has proceeded far enough to 
prohibit pairing between them. On the other hand, the high 
frequency of secondary association indicates that the potatoes 
with twenty-four chromosomes are not very ancient allo-tetraploids, 
for, if they were, differentiation would have been much more 
complete and little or no secondary association evident. 

Miintzing did not observe the kind or frequency of multivalent 
associations at meiosis of the tetraploid variety he examined. 
Meurman*and Rancken (1932), however, describe the occurrence 
not only of univalents, bivalents, trivalents and quadrivalents but 
also of quinquevalents and sexivalents. The occurrence of these 
last two multivalent types is normally unexpected on the basis 
that the potatoes with forty-eight chromosomes are tetraploids. 
Meurman and Rancken conclude that the quinquevalents and 
sexivalents indicate, and arise from, segmental interchange. 
Somatic metaphases from root-tips of two different varieties 
showed a pair of chromosomes with trabants — suggesting an 
allo-tetraploid constitution for the potato. 

Unfortunately critical evidence for the alio- or auto-tetraploid 
constitution of the potato, i.e. a careful statistical analysis 
differentiating between the frequency and kinds of multivalent 
and secondary association, has yet to be made. Miintzing has 
described auto-triploid forms of S, tuberosum, and these, crossed 
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with diploid varieties, or perhaps from selfing, could give rise to 
auto-tetraploid forms. On the other hand, Longley and Clark, and 
Rybin, are of the opinion that the triploid species S, Commersonii, 
8, medians and 8, coyoacanum are all hybrids. Rybin, who 
examined the extensive material collected by Bukasov and 
Juzepezuk in South America, concluded that the cultivated potato 
had a polyphyletic origin. Further, these workers state that the 
different forms of the collective 8, tuberosum differ from each other 
and from some wild growing tuberiferous species of Solanum, 
considered by some writers as independent species, by sharper 
and more important characters than those which constitute the 
difference between these species ” (vide Rybin, 1929). 

The problem of the origin of the tetraploid potatoes, however, 
is not clear. As we have seen, diploid, triploid and tetraploid 
forms of 8. tuberosum have been found, and from this it appears 
more probable that auto -polyploidy rather than alio -polyploidy 
occurs in this species. On the other hand, Meurman and 
Rancken’s evidence is shghtly in favour of an allo-polyploid 
constitution. Normally, auto-polyploids are rarely found in 
nature because of their low fertility. Vegetative propagation 
(i.e. by tubers) might enable an auto-polyploid to perpetuate 
itself, therefore the possibility of the cultivated potatoes being 
auto-tetraploids cannot be overlooked. The genetic evidence, 
however, does not support this view, no tetrasomic segregation 
being found for the characters studied. Indeed the common 
occurrence of duplicate or similar genes, whose inheritance is 
disomic, is symptomatic of the allo-polyploid in which similar but 
not identical chromosome sets occur. 

Thus, assuming that the chromosome constitution of the 
tetraploids is A A A' A', it may well be that the duplicate genes for 
blue anthocyanin, red anthocyanin, etc., are carried, one by the 
A and the other by the A' set. In a similar manner the dis- 
crepancy between the behaviour of Sirks’ gene P and Salaman’s 
and Black’s might be due to the fact that these nearly duplicate 
genes are in actuality derived from different sources. 

Further, on the assumption that the true basic number is n = 12, 
though duplicate genes might be expected quite frequently, we 
should not look for triplicate and other genes, three, four or more 
of which have closely similar effects. As we have shown, however, 
such appear to occur commonly in the potato, the genetics of 
which is confused by the very number of these similar genes. 



VI VEGETABLE AND SALAD PLANTS 119 

Thus from the genetic point of view the evidence suggests an 
allo-polyploid constitution for the potato. An alternative view, 
which might still fit the genetic results, would be that the ^etra- 
ploid potatoes are long established auto-tetraploids in which 
differentiation of the chromosome sets and genes has occurred to 
a considerable extent. 

To summarise : Inheritance in the potato is disomic, but many 
duplicate or similar genes occur. The “ diploid ’’forms with twenty- 
four chromosomes are ancient allo-tetraploids. A study of the 
genetics of these 24-chromosome forms may reveal duplicate or 
similar genes. The domestic potato and other 48-chromosomc forms 
are therefore, from the cytological evidence, octoploids, although 
functionally they are more likely to approximate to tetraploids in 
inheritance. 

Prom the evidence of secondary association in the 24-chromo- 
some forms the potato is fundamentally an allo-octoploid. If the 
48-chromosome forms arose from the 24-chromosome forms by 
doubling of the chromosome number, it is probable that differ- 
entiation has since occurred. On the other hand, if the potato 
arose from the crossing of two 24-chromosome species, accompanied 
or followed by chromosome doubling, then in respect to this event 
it must be a comparatively new allo-polyploid. 

The problem of the origin and constitution of the cultivated 
potato and the elucidation of the mode of inheritance is not only 
a peculiarly interesting problem, but is also a typical example of 
the sort of investigation where the collaboration of the taxonomist, 
cytologist- and geneticist is essential to a satisfactory solution. 


Heterosis 

It is well known that heterozygosity is often accompanied by 
increased vigour ; and that the seedlings of the Fi generation are 
more vigorous than their parents is a common observation. This 
phenomenon is known as heterosis or hybrid vigour and it is 
generally assumed to be the result of bringing together the greatest 
number of favourable growth factors. Jones (1917) explained the 
phenomenon as being due to a large number of dominant genes, 
some contributed by one parent and some by the other, which 
are favourable for growth and development, and held that linkage 
of genes and the large number involved virtually prevent the per- 
petuation of hybrid vigour of the same degree in subsequent 
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generations. Rasmusson (1935) in experiments with peas found 
that the heterozygous Aa plants gave seeds with better germina- 
tion than the homozygous AA plants, and that these were better 
than aa. This was repeated for several generations and gave the 
same results. He therefore concluded that this is an example of 
heterosis where heterozygous individuals are better than the best 
of the homozygous plants, and also that the dominant homozygous 
plants are better than the recessives. Rasmusson explains the 
results on the combined dominant gene and linkage theory as 
follows : 

A ==red flower colour, a = white. 

Vi, Vg are, dominant, positive vitality factors. 

A is closely linked to VjVa and a to V 1 V 2 . 

According to his scheme the parents and the and Fa genera- 
tions are : 

Parents AAVjViVaVa x aaVsVaViVi 

Fj AaViViVgVa 

F2 IAAV1V1V2V2 : 2 AaViViV 2 V 2 : laaViViVaVg 

Therefore plants heterozygous for flower colour Aa will always 
have two dominant vitality factors, whereas no homozygote will 
have more than one, and the maximum vigour can only be 
obtained in the heterozygous types. ^ In an earlier publication 
Rasmusson (1933) discusses various aspects of quantitative 
inheritance and suggests that the number of genes involved in 
such characters may be as high as 200-400. East (1936) in a 
detailed discussion and review of the literature describes numerous 
examples of heterosis in both diploid and polyploid plants and 
concludes that heterosis increases with genetic disparity between 
the parents. 

Ashby (1930-33) from experiments with maize and tomatoes 
has shown that hybrid seeds have a greater initial weight of 
embryo, and concludes that this gives an advantage which is 
maintained throughout the period of growth. Passmore (1934), 
however, found that hybrid plants with small embryos showed a 
tendency to catch up those with larger embryos, and she points 
out that in such a study of hybrid vigour, not only the initial size 
but the duration of the period of growth must be considered. 

^ We are indebted to Dr. E. Akerberg for translating this acicoimt from the 
Swedish text of Rasmusson’s publication. 
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Passmore’s experiments were made" 'on varieties of Cucurbita 
Pepo. She made reciprocal crosses between large- and small- 
seeded varieties, and found that when the large-seeded parent was 
used as the female, the resulting seeds had much larger embryos 
than when it was used as male. The hybrids from the large 
embryos were markedly larger during early development, par- 
ticularly during the first few weeks, and after nineteen days’ 
growth the differences in leaf number and area were very con- 
siderable, but after sixty-four days such differences were not 
significant. Passmore concludes from this that the ultimate size 
attained may be the same in the two hybrids from a reciprocal 
cross, but that the limit is reached first by the one that starts 
with the largest embryo, the other attaining the limit by virtue 
of a longer period of growth. 

Hybrid vigour is as a rule readily recognised, since its maxi- 
mum effects are always evident in the generation immediately 
following a cross. For example, in maize the Fi hybrids between 
certain inbred strains show a marked increase in height, have 
thicker stems, larger leaves and a better root system than their 
inbred parents, and frequently show an increase of 100 to 200 
per cent in yield. 

Since heterosis results from the union of unlike gametes it 
automatically declines in the succeeding generations, particularly 
where a plant is normally self-fertilised. For example, an 
individual heterozygous for a single gene Aa will produce, following 
self-fertilisation, offspring of the constitution A A, Aa and aa, in 
the proportion of 1 : 2 : 1. On continued selling the homozygous 
forms breed true and their number is progressively increased by 
segregates from the heterozygotes. Such a reduction in hetero- 
zygosity takes place automatically regardless of the number of 
genes involved, the rate of reduction depending upon the degree 
of inbreeding. As hybrid vigour is at a maximum in the hetero- 
zygous generation it is necessary, in plants raised from seed, to 
repeat the parental cross for each crop if maximum vigour is to 
be maintained. In plants where vegetative repr<>duction occurs 
by means of bulbs, tubers or corms, or where it is practicable to 
propagate and increase by cuttings, grafting, etc., hybrid vigour 
can be maintained by asexual reproduction. Many of our 
asexually propagated horticultural plants have been selected for 
vigour of growth, high yield, etc., which are to a large extent the 
result of heterosis. Among such plants may be mentioned 
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potatoes, apples, pears, strawberries and raspberries. Varieties 
of these plants invariably lose much of their vigour when inbred. 
Deterioration of asexually propagated forms does sometimes occur, 
but this has been demonstrated to be generally due to disease and 
not to asexual reproduction in itself or to loss of heterosis. For 
example in potatoes, strawberries and raspberries deterioration of 
varieties is commonly due to virus disease, but where the same 
varieties are free from disease vigour is maintained. Occasionally 
bud mutations give rise to sub-clones with a decrease in yield and 
other defects (see Chapter VIII), but in general, apart from the 
effects of disease, our various asexually reproduced fruits and 
vegetables retain their vigour over very long periods of time. 

The results of numerous experiments indicate that the utilisa- 
tion of hybrid vigour may be of considerable practical value. 
Breeding experiments by Stout, McKee and Schreiner (1927) have 
shown that in forest trees, marked increase of vigour of growth 
frequently occurs in hybrids. Karper and Quinby (1937), in 
breeding experiments with Sorghum, obtained different degrees of 
hybrid vigour, and they state : ‘‘It follows that the different 
degrees of vigour obtained represent differences in the number of 
dominant genes favourable to growth, and that the effect of these 
genes, though small individually, is cumulative. More specifically, 
it is apparent that certain genes affect the ability of the plants to 
tiller, certain others affect the number of nodes, others size of leaf, 
etc.” In crosses between varieties giving the maximum hybrid 
vigour in Sorghum, an increase in the yield of grain approximating 
to two and a half times that of the higher producing parent was 
obtained. 

In maize the increased 5deld and other economic advantages 
associated with hybrid vigour, such as ability to withstand gales 
and abnormally dry conditions, have been commercially utilised 
in America, and a number of different hybrids have been intro- 
duced for general cultivation both from experimental stations and 
from commercial seed companies. Most of the hybrid maize 
strains used for commercial purposes are the result of bringing 
together four inbred strains, by three separate crossings as shown 
in Fig. 34. 

Kakizaki (1929) in a series of experiments relating to hybrid 
vigour and its practical utilisation in the egg plant, Solarium 
melongeua (2n = 24) found that the plants in the Fj generation 
exceeded in yield the better yielding parent by 17 per cent on the 




With acknowledgments to Dr. D. F. Jones. 
Fig. 34 


Heterosis in maize. The result of bringing together four inbred 
strains, by three separate crossings. 
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average. Crosses between widely different varieties usually gave 
a greater degree of hybrid vigour than crosses between less diverse 
varieties, and most of the crosses exhibiting significant increases 
in yield were between varieties which differed widely from each 
other in their characters. The cross which gave the highest 
increase yielded 140*8 per cent more than the better yielding 
parent, and Kakizaki states that two heterozygous cross-bred 
families which were determined as the most superior for practical 
use have to some extent come to be grown for commercial culture 
in Japan. 

Wellington (1912) in similar experiments in the tomato 
reported that in all cases the showed an increased yield, but 
in the second and third generations the yield decreased in direct 
ratio to the decrease in the number of heterozygous plants. In 
the Fi of crosses between certain varieties of cucumbers an 
increase in yield of over 30 per cent has been reported. 

In the cases referred to above, heterosis is described in varietal 
hybrids. It may also be found in species hybrids, which in 
addition often show increase in size due to chromosome doubling 
(see Chapter XI). Such species hybrids, though intrinsically 
heterozygous, characteristically breed true, as a result of the 
chromosomes of the same species pairing (see page 39) and any 
hybrid vigour evident in the hybrid will then be maintained in 
the second and following generations. 



CHAPTER VII 


FRUITS 

Although breedirig experiments with our edible fruits have been 
very considerable, tlie^^ have been mainly conducted in the sear h 
for new forms of commercial value, rather than for the purpose 
of detailed genetic studies. Corisequently, although in a general 
way much knowledge is available, in many cases genetic analysis 
cannot be so precise as the information derived from the more 
detailed investigations carried out with many flowers and 
vegetables allows. Our tree fruits especially do not provide 
favourable material for genetic studies. The length of time which 
elapses from seed to maturity, the space the seedlings occupy, the 
cost of maintenance, etc., all militate against large-scale investi- 
gations unless exceptional facilities are available, whereas for the 
purpose of genetical analysis their involved polyploidy and com- 
plex heterozygous constitution makes large families especially 
desirable. 

Peaches and Nectarines, Prunus persica (diploid, 2n = 16) 

In an earlier chapter the mode of inheritance of the hairy 
character of the fruits and of the foliar glands of the peach was 
described. Among other characters in this fruit which have been 
investigated are size of flowers, colour of foliage, size of fruit, the 
condition of the stone whether free or adhering to the flesh, 
colour and texture of flesh and habit of growth. Our knowledge 
of the genetics of the peach is mainly derived from the investi- 
gations of Rivers (1906), Connors (1919, 1921, 1922), Crane (1921), 
and Bailey and French (1931). In some cases the investigations 
have not been sufficient to afford conclusive results, but most of 
the characters studied conform to simple mendelian rules. Some 
characters, however, such as the condition of the stone, the texture 
of the flesh and the season of ripening are not so sharply dis- 
continuous in variation or in inheritance. Complete dominance 

126 



m THE GENETICS OF GARDEN PLANTS chap. 

only occurs in two of the characters studied, namely the white 
colour of the^ flesh and the hairy surface of the fniits. The Fj 
from crosses between other allelomorphic characters studied are 
more or less intermediate, as shown in the following table : 



Characters 

Fi 

Fruit surface 
Flesh colour 
Foliar glands 
Flower size 

Habit of growth 

Foliage colour . 

Hairy or smooth 

White or yellow 

Reniform or eglandular 
Large or small 

Upright or spreading 

Deep red or green 

Hairy 

White 

Globose (intermediate) 
Medium (intermediate) 
Upright-spreading (inter- 
mediate) 

Medium red (inter- 
mediate) 


Connors states that the tough-flesh texture is recessive to soft 
texture, and that the evidence points to the free condition of tlie 
stone being dominant to the clinging condition, but intermediates 
where the stone partially adheres to the flesh also occur. The 
information regarding the inheritance of the time of flowering, and 
the time of ripening and size of the fruits indicates that probably 
more than one pair of genes are involved in the expression of 
these characters. According to Connors (1922), the inheritance 
both of the time of flowering and time of ripening most often 
follows that of the parents, although in some families the offspring 
exceeds the limits of the parents, both earlier and later ripening 
individuals occurring. There is some evidence that male sterility, 
such as occurs in the variety J. H. Hale, is a recessive character 
in peaches. 

Correlations 

Several important correlations have been noted in the 
characters of the peach. Hedrick (1913) drew attention to a 
correlation between the coloration of the inside of the calyx cup 
and the colour of the flesh. When the calyx cup is green the colour 
of the flesh is white, and when the calyx cup is orange the flesh is 
yellow. Connors (1922) as a result of further observations states 
that a green, white or pale cream calyx indicates a homozygous 
white-fleshed fruit, yellow-cream to yellow-buff calyx cup indicates 
a heterozygous white -fleshed fruit, and deep orange colour indicates 
a yellow-fleshed fruit. Connors also suggests that a correlation 
may exist between the pigment in the twigs, the midrib and petiole 
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of the leaves and the red colour of the flesli. If this correlation 
was established it would be of value to those engaged in 
breeding varieties lor canning, as for this purpose red flvsh is 
undesirable. 

It has long been noted that the glandless varieties of peaches 
and nectarines are highly susceptible to mildew, whilst varieties 
with glands are at leas^; considerably resistant. Hedrick (1911) 
states that the correlation between gJandlessness and mildew may 
account for the fact that peaches with glandless leaves are rapidly 
disappearing from American peoch lists. In this country we have 
commonly observed the effect of this correlation both in established 
varieties and seedlings. In Fig. 35 are shown two seedliiigs from 
two families we raic.ed from selfing the peach Royal Gleorge, a 
variety with eglandular leaves, and the nectarine Lord Napier, a 
variety with reniform glands. The families were homozygous for 
eglandular leaves and reniform glands respectively. The eglandu- 
lar Royal George seedling is on the left-hand side, the reniform 
gland Lord Napier seedling on the right-hand side of the photo- 
graph. The Royal George family were all badly affected with 
mildew, and eventually they all died owing to the severity of the 
attack. In contrast, the majority of the Lord Napier family were 
entirely free from mildew, although many branches of the two 
femilies, wliich were grown side by side, were interlaced. There 
were twenty -eight individuals in this family and only on two was 
mildew observed, the attack being very slight and confined to a 
few young terminal leaves towards the erd of the growing season. 

The eglandular peaches and nectarines have a serrate leaf 
margin, whereas the glandular forms have a shallow crenate 
margin. Peaches can be distinguished from nectarines at the 
flowering time by their respectively hairy or smooth ovaries. 


Raspbeuiiies, Eubus idaeus (diploid, 2n = 14) 

Investigations we have carried out with raspberries (Crane and 
Lawrence, 1931 and unpublished) have shown thett in raspberries, 
as in most domestic fruits, our cultivated varieties are invariably 
heterozygous in many respects. For example, such red-fruited 
varieties as Lloyd George, Superlative, Norwich Wonder, Pyne’s 
Royal and Red Cross are heterozygous for yellow fruit. Norwich 
Wonder and Lloyd George have hairy growth and green leaves, 
and give a proportion of glabrous and yellow-leaved seedlings 




Fia 35. 

Correlation between physiological and morphological characters in JPrunus persica. Seedling 616 eglandular 
highly susceptible. Seedling 1139 glandular and highly resistant to mildew. 
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when selfed. Superlative, Norwich Wonder. Red Cross and many 
other varieties which have hermaphrodite flowers when selfed or 
intercrossed give forms which are hermaphrodite, male, female or 
neuter (Fig. 36). 
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Fig. 36 

Flowers, flower buds and leaves of raspberries : A, herma- 
phrodite ; B, female ; C, male ; D, neuter. Showing 
correlation between leaf -shape and sex. (AUer Crane 
and Lawrence, 1931.) 

As far as our investigations have gone, we have isolated three 
pairs of genes concerned with colour, two with sex, and one with each 
of the following characters : spines, hairiness, the development of 
wax or bloom on the growth, colour of leaves and pigmentation 



130 


THE GENETICS OF GARDEN PLANTS 


CHAP. 


of the hypocotyl. T is a gene which produces anthocyanin in 
spines and fruits. P intensifies the colour of the spines. MF 
individuals are hermaphrodite ; Mf, male ; mF, female, and 
mf neuter. In Mf and mF plants the female and male organs 
respectively are suppressed. S determines spines or prickles, H 
hairiness, B bloom or wax, R red coloration of the hypocotyl 
and G green leaves. The phenotypes therefore are as follows : 

PT Fruits red, spines red 

T Fruits red, spines tinged 

P Fruits apricot,* spines green 

pt Fruits yellow, spines green 

FM Flowers hermaphrodite 

F Flowers female 

M Flowers male 

fm Flowers neuter 

S Growth with spines 

s Growth without spines 

H Growth hairy 

h Growth sub-glabrous 

B Growth with bloom or wax 

b Growth green 

R Hypocotyl red f 

r Hypocotyl green 

C Growth pigmented 

C Growth green 

G Leaves green 

g Leaves yellow 

♦ The apricot fruits are yellow witli a slight tinge of red. 

t Pigment of the hypocotyl is only observable in the seedling stage ; as the plants develop 
the red colour disapp:^ars. 


Linkage between the genes B and T has been found, with a cross- 
over value of 28 per cent. T and G are also linked. In recent 
years Mr. D. Lewis has continued these experiments and we are 
indebted to him for details of unpublished results. 

The characters and genetic constitution of some of the 
varieties we have used, and seedlings raised from them, are 
presented in Table XVllI. From selfed and crossed families 
raised for the purpose of determining the mode of inheritance of 
the various characters detailed, a close approximation to the 
expected ratios was obtained. 

The male plants which have appeared in these experiments 
approximate to Rubus idaeits obtusifolius Willd. {2n = 14). They 
have very distinct obtuse downfolded and undivided leaves on 
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the two-year-old flowering canes, and on the young one-year-old 
canes the leaves have only three lobes, and very short petioles. 
The leaves ot the neuters are similarly obtuse, and are quite 
distinct from the normal lobed and spaced leaves of the herma- 
phrodite and female plants. The female plants fruit freely when 
growing near and pollinated by hermaphrodite or mole plants, but 
the males and neuters never bear fruits. The secondary sexual 
characters of the leaves of the male and neuter plants would enable 
them, in any economic breeding work, to be distinguished and 
discarded early in the seedling stage. Varieties which are 
heterozygous for sex appear to be characterised by curled and 
rugose foliage, whereas in varieties homozygous for sex the surface 
of the leaves is flat. For example, compare the curled foliage of 
such heterozygous varieties as Superlative, Norwich Wonder and 
Pyne’s Royal, with Lloyd George which has flat leaves and is 
homozygous for sex. 

It will also be seen from Table XVIII that there is a correlation 
in raspberries between the colour of the spines and the colour of 
the fruit. The red and tinged forms always have red, and the 
green-spined forms apricot or yellow fruits. Hence plants with 
apricot and yellow fruits may be separated from those with red 
fruits at an early stage. In our experience yellow fruit colour, 
although often associated with the finest flavour and good size, 
is invariably associated with a soft flesh. Large size of fruit 
appears to be a recessive character, but the results indicate that 
several factors are concerned in the determination of the size and 
also of the shape of the fruit. 

The results relating to sex show that in the raspberry we 
have the genetic basis of a sex mechanism. If the hermaphrodite 
type were eliminated, the species would only be able to continue 
through differentiated male and female forms, and it would be 
possible for these to develop alternative sex chromosome types 
such as occur in Rumex (Kihara and Ono, 1925) and other genera. 
Such a visible chromosome difference would not, however, be the 
cause of sex but the result of it. 

In Rubus chamaemorus the sexes are more completely differ- 
entiated than in R. idaeus. In R. chamaemorus, although 
occasional intersex flowers occur, male and female forms are the 
rule. Rozanova (1928) has reported that the male plants of this 
species have obtuse leaves, but those of the female are incised 
and the apices more acute. These secondary sexual characters 
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of the leaves of i?. chamaemorufi are morphologically analogous to 
those of R. idaeus. Rozanova further rt.ports that environmental 
conditions influence the leaf shape in minor degree, but the mature 
leaves of the two sex forms in R, chamaemorus are always distinct. 
The factors which we have detected as differentiating sex forms in 
R, idaeus are evidently homologous with those determining sex 
dimorphism in R, chamaemortts. It is, therefore, probable that the 
sexual dimorphism in R, chamaemorus has a factorial basis. 

Wellington (1913) and Anthony and Hedrick (1916), in a 
series of breeding investigations with American varieties of 
raspberries, Rubus neglectus, which appears to have been derived 
from the species R. strigosus x R. occidentalism found that dwarfness, 
which is characterised by short internodes, is recessive to long 
internodes and greater height. Purple appears to be epistatic to 
other colours, and red is dominant to yellow. The Columbian 
variety possesses glaucous and purple canes, and when selfed 
gave twenty-nine purple, nineteen brownish and two green. 
Evidently green is a recessive character. With regard to the 
glaucous character, ten were glaucous, twenty-six intermediate 
and fourteen non-glaucous. The rough condition of the bark of 
the canes was found to be dominant to smooth bark, and few 
spines recessive to many spines. 


Gooseberries, Ribes grossularia (diploid, 2n = 16) 

A series of breeding experiments with gooseberries was begun 
at Merton by Mr. W. O. Backhouse and Mr. M. A. Bailey in 1911, 
and some of the characters they studied are still under investi- 
gation. The results so far obtained are insufficient to enable a 
detailed genetic analysis to be attempted, but the following is a 
brief summary of some of the characters they studied. 

In the following table are given the results with respect to the 
inheritance of fruit colour obtained from selfing a number of 
varieties (Table XIX). 

The red varieties all proved to be heterozygous, and gave a 
proportion of seedlings with non-red fruits. Omitting the family 
obtained from selfing the variety Ostrich, the red varieties, out of 
a total of 226 plants, gave 164 with red and 62 non -red, the latter 
being either yellow or green. Red is dominant to non -red, but it 
is probable that more than one pair of genes govern this character. 
The non-reds in the selfed Golden Drop family were all yellow, and 
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the offspring from the dark-green varieties were all green, but they 
varied from dark to light green. The pale-green varieties gave 
pale greens, yellow greens and yellows. The behaviour of the 
red variety Ostrich in giving all green-fruited seedlings when 


TABLE XIX 


Parents 

Selfed Derivatives 

Variety 

Colour of Fruit 

(’olour of Fruit 

Echo .... 

Red 

Red, 

19 

No Red, 

9 

May Duke . 

f » 

9 9 

46 

9 • 

6 

Lion’s Provider 

99 

9 9 

16 

9 9 

8 

Ostrich 



0 

99 

23 

Whinham’s Industry 

,, 

’» 

52 

9 • 

22 

Crown Bob . 

99 

99 

23 

9 ' 

6 

Champagne Red . 



8 

» j 

11 

Golden Drop 

Yellow 

9 ) 

4 


12 

Pitmaston Greengage . 

Green 

9 9 

1 


58 

Early Green Hairy 

»♦ 

9 9 

0 

99 

45 

Whitesmith 

Pale (^reen 

99 

0 

9 9 

83 

Langley Gage 

99 99 


0 


70 


selfed, is at present obscure, but the results suggest that the variety 
may be a one-layered perichnal chimaera. The appearance of red- 
fruited seedhngs in the proportion of 3 yellow : 1 red in the 
selfed family from Golden Drop suggests that this variety carries 
red, but has, in addition, a gene which inhibits red. Assuming 
such a gene to be heterozygous (li), three yellows to one red would 
be expected. 

In gooseberries certain forms exist which develop very few 
prickles, those which do occur being greatly reduced. Such forms 
are Belle de Meaux, Souvenir de Fillard, Edouard Lefort and 
Ribes grossularia inermis. All these four forms are characterised 
by comparatively weak growth and make small bushes. Belle de 
Meaux selfed gave a family of forty-nine plants very similar to the 
parent in habit and all had few and reduced prickles, and small 
selfed famihes raised from Edouard Lefort and inermis were also 
similar to their parents in these respects. Crosses between 
Edouard Lefort and inermis, and forms such as Crown Bob, 
Whinham’s Industry, etc., which have numerous large prickles, 
gave Fi famihes all possessing numerous large prickles. 

Some varieties of gooseberries have a very pronounced upright 



VII FBUrrS 135 

habit of growth ; others are definitely spreading or sprawling, and 
between these extremes varieties occur with an intermediate habit. 
The following results were obtained by Backhouse and Bailey with 
respect to the inheritance of these characters (Table XX). 

TABLE XX 


Parents 

Seifed Derivativi?s 

Variety 

Habit 

Ilpriglit 

Inter- 

niediare 

Sproadiag 

lliimhulliori 

Upright 

01 

1 

0 

May Duke 

Spreading-upright 

0 

16 

70 

1 

(intermediate) 




Pitmaston (rreengage 

Spreading-upright 

0 

83 

47 

1 

(intermediate) 




Early (Jreeii Hairy . 

Upright 

70 

0 

0 

Eeho 

Spreading 

0 

0 

78 



J)tTivatives on (Crossing j 

Eeho X Early Clreoii Hairy, and reeipiocal 

0 


152 


All the individuals raised from selfing the variety Echo had a 
pronounced spreading habit hke their parent, and the selfed 
individuals from Early Green Hairy, which has an upright habit, 
were all definitely upright. Individuals from reciprocal crosses 
between these two varieties all had a pronounced spreading habit. 
This indicates that Echo and Early Green Hairy respectively are 
homozygous for spreading and upright and that spreading is 
dominant; but among the spreading individuals raised from selfing 
Pitmaston Greengage some were more spreading than others, and 
the occurrence of forms with intermediate habit suggests that 
more than one pair of genes are concerned with the determination 
of these characters. 

Apparently all English varieties of gooseberries in general 
cultivation are susceptible to the gooseberry mildew, Sphaerotheca 
mors-uvae, and as a control for this disease sulphur washes are 
used. Some varieties, however, are sensitive to sulphur and after 
the application of a sulphur spray serious leaf-fall occurs. Among 
the numerous seedlings of the European gooseberry he raised, 
Bailey found striking differences in sensitiveness. The plants 
sensitive to sulphur injury dropped their leaves about five days 
after spraying, and some of the results he obtained are given in 
the following summary (Table XXI). 
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The varieties Whinham’s Industry and May Duke are resistant to 
sulphur injury, and that their offspring were all no^-leaf-droppers 


TABLE XXI 


Parents 

Selfed Derivatives | 

Non-leaf-droppers 

Leaf-droppers 

Whinham’s Industry . 

98 

0 

May Duke 

92 

0 

Early Green Hairy 

56 

14 

Pitmaston Greengage 

95 

36 

Ostrich 

115 

60 

Langley Gage . 

80 

42 

Golden Drop 

23 

2 


is of considerable interest. The proportion of non-droppers to 
droppers in the selfed Pitmaston Greengage family approximates 
to a 3 : 1 ratio, but in Langley Gage and Ostrich families it 
approximates to 2 : 1. 


Red and White Currants, Jtibes rubrum (diploid, 2n = 16) 

The following results were obtained by Bailey, and they 
indicate that the red currant Fay’s Prolific is a homozygous red, 
and from analogy with other fruits one would presume that the 
red colour of the fruit is dominant to white. 


Parents 

Selfed Derivatives 

Variety 

Colour of Fruit 

Red 

White 

Fay’s Prolific . 

Red (selfed) 

10 

0 

Versaillaise 

White (selfed) 

5 

9 

Versaillaise x Fay’s Prolific 

2 

1 


Presumably the white currant Versaillaise is a heterozygous 
dominant white, the red colour being suppressed by an inhibiting 
gene as described in the case of the gooseberry Golden Drop. 

Black Currants, Ribes nigrum (diploid, 2n = 16) 

In breeding experiments with black currants Tydeman (1930) 
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found that the varieties French Black, Seabrook s Black and 
Siberian were heterozygous for leaf shape. Tydeman states that 
the selfed seedhngs from French Black were of two kinds : (1) The 
majority, which resembled the parents very closely in leaf shape, 
having the flat leaf sinus and characteristic marginal serrations of 
the parent ; (2) the remainder, approximately 25 per cent of the 
whole, had leaves which were more attenuated and in which the 
marginal serrations were markedly more acute. Seabrook’s Bla(;k, 
a variety similar to French Black, gave four leaf types when selfed : 
(1) A leaf type similar to the parent ; (2) a type similar to the 
segregates obtained from French Black ; (3) a rounded leaf type 
in which the terminal and lateral lobes were much suppressed ; 
and (4) a type which in shape bore no resemblance to the normal 
black currant leaf. In their extremest form the leaves of this 
type were almost round, and were adherent along their lower 
margins round the petiole. The variety Siberian gave a selfed 
family with four similar types of leaves. Tydeman concluded that 
two genes govern the leaf characters and he designated them as 
follows : Type 1 (SR), type 2 (Sr), type 3 (sR), type 4 (sr). The 
following summarises Tydeman’s results. The actual figures for 
the French Black segregates were not given, but he states that 
about one-fourth were of the S type. In addition to the results 
from selfing the varieties French Black, Seabrook’s Black and 
Siberian, the table (XXII) includes results obt^^ined from SR and 
Sr derivatives of Seabrook’s Black. 


TABLE XXII 


1 

Parents 

Selfed I>erivatives 

Leaf Types 

SR S : R : sr 

French Black SSRr approx. 

75% : 25% : 0 : 0 

Seabrook’s Black SsRr Fam. No. 1 

9 

»> >» >» ff " 

,, ,, ,, ,, 3 

Total 

Expectation 9 : 3 \ i 

Ex „ „ Ssrr 

Expectation 3 : 1 

Siberian SsRt 

Expectation 9 : 3 : 3 : 1 

54 : 18 : 23 

65 : 17 : 17 : 3 

164 : ^8 54 

283 : 83 : 97 

2603 : 86-7 : 115-6 

166 : 39 

146 48 

49 : 9 : 17 : 3 

43-8 : 14-6 -. 14-6:4-8 
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Tydeman made considerable observations on the length of 
the raceme and found that the average length of tlie racemes of 
the SR and S leaf types was appreciably greater f han were those 
of the sR and sr types. The results of this investigation are given 
in Table XXIII. 


TABLE XXIII 


Parents 

Leaf 

Type 

No. of 
Seedlings 

Average length 
of liacerne 

Longest 

Shortest 


SR 

63 

39-0 mm. 

53*0 mm. 

25-0 mm. 

Seabrook’s Black 

S 

16 

40*5 mm. 

57-0 mm. 

28-5 mm. 

Selfed 

R 

sr 

15 

34-0 mm. 

43*0 mm. 

22*0 mm. 

Seedlings Ex 

SR 

53 

38-6 mm. 

52*0 mm. 

21*0 mm. 

Seabrook’s Black 

S 

7 

36-8 mm. 

45*0 mm. 

27-0 mm. 

Selfed 

R 

12 

33-7 mm. 

52*5 mm. 

19-0 mm. 


sr i 

2 

30*5 mm. 

35-0 mm. 

26*0 mm. 


SR 

49 

37-0 mm. 

54-0 mm. 

20-0 mm. 

Siberian 

S 

9 

40-9 mm. 

49-5 mm. 

34*0 mm. 

Selfed 

R 

16 ‘ 

34-3 mm. 

46*5 mn\. 

16-0 mm. 


sr 

1 1 

1 

24-0 mm. 




The origin of French Black and Seabrook’s Black is obscure, 
but both have been in cultivation for a long time. According to 
Bunyard (1925) the variety Siberian was found by the late Mr. 
J. H. Elwes on the Altai Mountains in a wild state. It is therefore 
interesting as a wild variety which is heterozygous for leaf shape 
and length of raceme. 


Cherries, Prunus avium (diploid, 2n = 16) 

Provisionally the sweet cherries can be divided into two classes 
according to the colour of the fruit — ^the so-called blacks and whites. 
Both the skin and the flesh of the blacks are intensely coloured, but 
they vary from reddish purple to almost black. The so-called 
whites have a cream or yellow flesh, and the ground-colour of the 
skin is also cream or yellow, but a flush or flecks of red may occur, 
and in some cases the flush covers the major part of the fruit. 
The two classes are, however, readily distinguished. 

In Table XXIV we have provisionally summarised the 
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results we have so far obtained relating to the inheritance of 
fruit colour. 

The results show that white is recessive to black. White 
crossed white gives white only, and white crossed black and the 
reciprocal give either all black or both black and white. Bigarreau 
de Schrecken is evidently homozygous for black, since wherever 
used as a parent the offspring are all black. Other black varieties 


TABLE XXIV 

lNHiCRTTAN<’E OF FrUIT rOLOUB IN THE SwEET ChFHKY 


Parents 

OffspririR 

White X White 

Bl.ick 

Wliite 

Big. Frogmore x Belle d’Orlearia 


9 

GovtTnor Wood x Belle d’Orloaiis 


12 

Black X White 



Big. de Schre^cken x Belle d’Orl^ans . 

n 


,, ,, X Governor Wood . 

17 


,, ,, X Elton 

12 


Big. Late Black x Governor Wood 

12 

9 

Early Ri^^er.s x Governor Wood 

2 

(> 

White X Black 



Elton X Big. de Schrecken 

11 


Big. Xapoleon x Big. de Schrecken . 

4 


,, X Black Tartarian “ A ” 

4 

(5 

Emperor Francis x Bedford Prolific . 

1(5 

7 

Governor Wood x Black Tartarian “ B ” . 

3 

4 

Belk^ Agathe x Bedford Prolific 

0 

9 

Black x Black 



Knight’s Early Black x Big. de Schrecken . 

9 


Early Rivers x Big. Noir de Schmidt 

0 

1 

Big. Late Black x Big. Noir de Schmidt 

3 

1 


such as Early Rivers, Bedford Prolific, Black Tartarian A and B, 
Bigarreau Late Black and Bigarreau Noir de Schmidt, are hetero- 
zygous for white. When these varieties have been crossed with 
white varieties, the total proportions of black to white obtained 
approximate to equality. Although the results are simple, as 
far as the black and white classes are concerned, the different in- 
tensities of colour within the blacks, and the different shades and 
patterns of red which occur within the whites, show that a number 

L 
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of genes are involved in fruit colour, although the families are 
too small to attempt a finer analysis. 

The variety Belle Agathe is somewhat exceptional. In 
general it resembles a white cherry, but the flesh is considerably 
coloured around the stone. When Emperor Francis (white) was 
crossed with Belle Agathe eleven blacks and five whites were 
obtained. This suggests that Belle Agathe is a heterozygous 
dominant white. Another exceptional result was obtained when 
we intercrossed the two self-coloured black varieties Bohemian 
Black and Early Rivers. From this cross only one real black was 
obtained out of twenty-nine seedlings, the remaining twenty-eight 
being partially white and partially black. The partially white- and 
partially black-fruited individuals were peculiar in many respects, 
e.g. their ground colour was a much deeper yellow than occurs in 
the white cherries, and the flecks and flushes of anthocyanin were 
nearer to the colour of the so-called blacks than to the usual red 
of the whites. The flesh of eighteen of these seedlings was intensely 
pigmented around the stone. 

In a subsequent chapter we show that, in the sweet cherry, the 
phenotypic and hereditary behaviour of incompatibility has a 
disomic basis. 


Prunus cerasus (tetraploid, 2n = 32) 

From selfing Morello, a variety with roundish oblate fruit, 
occasional long oval fruits occurred. Kentish Red, a variety with 
bright red roundish oblate fruits, when selfed, gave a family 
variable in size and shape of fruit. In shape they varied from 
roundish oblate to oblate. Some were a little deeper in colour 
than the parent, but all were bright red. 

In our experiments the offspring from crosses between the 
tetraploid sour cherries and diploid sweet cherries have always 
been highly sterile. A number of such seedlings have been 
examined and found to have twenty-four chromosomes, and 
presumably they are all triploids. As described in a later chapter 
the Duke cherries are tetraploids which have arisen from the 
diploid sweet cherries P. aviurn, and the tetraploid sour cherries 
P. cerasus. They are themselves productive, but their hybrid 
constitution is reflected in the common occurrence of defective 
seeds and in the lack of vigour of their offspring. In our experi- 
ments seedHngs raised both from selfing and intercrossing Duke 
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varieties have always been characteri.-ied by a high degree of 
sterility and weak growth, and presumably the majority of the 
seedlings have an anueploid chromosome constitution. 


Grapes, Vitis spp. (? secondary polyploid, 2n==38) 

The investigations of Hedrick and Anthony (1915) show that 
in regard to the colour of the fruits the majority of coloured grapes 
are heterozygous, and that white is recessive to both black and 
red. White crossed white gave all white-fruited offspring. 
Families which segregated only black and white gave approxi- 
mately three blacks to one white, and families which segregated 
only black and red gave results reasonably close to the same ratio. 

From biochemical investigations Anderson (1928) and his 
collaborators have shown that the grape hybrids Siebei and 
Isabella inherit their fully methylated delphinidin pigment, 
oenin, from their European parental species Vitis vinifera, and 
not from tlieir America parents Vitis rupestris and V. labrusca 
respectively, which latter, like the American hybrids they 
examined, contained considerable proportions of less methylated 
delphinidin. 


Strawberries, Fragaria spp. 

The knowledge relating to the origin and development of the 
cultivated strawberry is of considerable horticultural and genetical 
interest. • In recent years the history of the strawberry has been 
extensively dealt with by Bunyard (1913) and by Pearl (1928). 


Fragaria vesca (diploid, 2n = 14) 

The earliest definite evidence of the cultivation of the 
strawberry in Europe was in the fourteenth century, when in the 
Royal Gardens at the Louvre in Paris, considerable numbers of the 
wild wood strawberry Fragaria vesca were grown. For nearly two 
centuries this was the only strawberry under cultivation. Varia- 
tions in this species have occurred from time to time both under 
cultivation and in nature, and they have affected such characters 
as the colour of the flowers, colour and size of the fruit, the form 
of the leaves, the runners by which the plants vegetatively 
reproduce themselves, and the period of flowering and fruiting. 
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This last variant, known as the Alpine or perpetual strawberry, 
Fragaria vesca semperflorens, produces a crop in the autumn in 
addition to the usual summer one. 

Genetical investigations have shown that most of the variations 
derived from Fragaria vesca are simple mendelian characters. 
Thus Richardson (1914-23) found that the pink colour of the 
flowers was dominant to white, and in the second generation he 
obtained pink, pale pink and white flowered individuals. Later 
Mangelsdorf and East (1927) showed that the flower colour is 
governed by one pair of genes. In Fg they obtained 128 pink and 
46 white, a close approximation to a 3 : 1 ratio, and in back-crosses 
the results also approximated closely to a disomic expectation. 
The red coloiir of the fruit is dominant to white. Red is also 
dominant to dark red and light red. All shades of red are dominant 
to white. The runnerless forms are recessive to forms with 
runners, and the trifoliate type of leaf is dominant to the mono- 
phylla type with simple leaves. 

Of the many variations which have occurred in Fragaria vesca, 
only one proved of any appreciable economic value, the so-called 
Alpine or perpetual strawberry Fragaria vesca semperflorens. This 
form was not brought into cultivation until a comparatively later 
period, first appearing in French gardens in the eighteenth century. 
Later several kinds of alpine strawberry appeared and improved 
varieties such as Belle de Meaux and Reine des Quatre Saisons 
were popular in France even as late as the middle of the nineteenth 
century. The Alpine strawberries, however, never secured wide 
popularity in England, and the appreciation they originally held 
has now been entirely displaced by the modern cultivated varieties. 

It is therefore evident that the wood strawberry and its 
Alpine derivatives fail to provide evidence of the origin of the 
large-fruited cultivated strawberry. Fragaria vesca has only pro- 
duced forms with comparatively small fruits, distinct in appear- 
ance and flavour from the present-day cultivated varieties. 


Fragaria elatior (hexaploid, 2n =42) 

The second species of strawberry to be brought into cultivation 
was the Hautbois strawberry, Fragaria elatior. This species is 
not a native of Britain, but is found sporadically in woods on the 
continent of Europe, from whence it was brought into cultivation 
in the sixteenth century. The Hautbois strawberry is easily 
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distinguished from the wood strawberry by the large size of the 
plants, and other characteristics. The fruit, however, is small, of 
a dull purple colour and a distinct musky flavour. In general it 
is not very productive. The sexes are often separate, making it 
necessary to grow pollen-producing plants near by to obtain fruit 
on the female plants. Although its distinctive flavour was much 
esteemed, the Hautbois strawberry never equalled the Alpine 
strawberry in popularity, probably owing to its unproductiveness. 
For a long time it was but little known, and not until the end of 
the eighteenth ei ntury does it appear to have received much 
attention, and even then its culture was limited. A few varieties 
were known, such as the Prolific or Royal, the Globe and later, in 
the early part of the nineteenth century, the Black Hautbois. At 
no time have varieties been numerous, and the Hautbois is seldom 
seen in this country at the present time, although it is stated to be 
cultivated in parts of Germany where its flavour is still appreciated. 

Up to the end of the sixteenth century only the two European 
species Fragaria vesca and Fragaria elatior were grown under 
cultivation. Both are distinct in appearance and flavour, and the 
small size of their fruits contrasts greatly with the large fruited 
strawberry grown to-day. 


Fragaria virginiana (octoploid, 2n == 56) 

The next species to be introduced into European cultivation 
was the scarlet strawberry, Fragaria virginiana, the common 
woodland* and hedgerow strawberry of Eastern North America. 
The precise date that this species was brought to Europe is not 
clear. Parkinson refers to the Virginian Strawberry in 1629 in his 
Paradisus Terrestris, but earlier French references occur, and 
probably it had been introduced to Europe very early in the 
seventeenth century. Like the species previously detailed, F. 
virginiana produces small fruit, but in many respects it is 
distinct. The fruits are roundish in shape and scarlet in colour. 
The flesh is usually pink, juicy and acidulous wd^h a pronounced 
sweet strawberry scent. The spread of Fragaria virginiana was 
very gradual, and even by the middle of the eighteenth century 
it was not widely known. Towards the end of the eighteenth 
century, however, it increased in popularity, and in England 
during the early part of the nineteenth century between twenty 
and thirty varieties of the scarlet strawberry were cultivated. 
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The fruits of these varieties were, however, small and they 
were soon superseded by the new large-fruited strawberries 
which then \ippeared. At the present time one or two varieties 
still remain in cultivation, and the variety Little Scarlet is grown 
in considerable quantities by preservers and is much esteemed on 
account of its delicious flavour, flne scent and retention of shape 
and colour when cooked. 

The introduction and cultivation of the Virginian strawberry 
had made little progress with strawberry culture at the close of 
the seventeenth century. Only the wild species Fragaria vesca, 
F, elatior and F. virginiana and varieties of these which occurred 
naturally were grown, and at this date no appreciable increase in 
the size of fruit was evident. 

Fragaria chiloensis (octoploid, 2n = 56) 

Early in the eighteenth century a fourth species of strawberry, 
the Chilean or Pine Strawberry, was introduced into Europe. 
This species is a native of Chile, and is very distinct from the species 
previously described. The plant is large, and the leaves very 
thick and dark green. The flowers are big, with six or more large 
creamy- white petals instead of flve as in the other species. The 
fruit is large and of a dull purplish-pink colour. The flesh is soft, 
with a flavour resembling pineapple, and the sexes are usually 
separated in male and female plants. 

The Chilean strawberry was brought from South America 
to France in 1712 by a French officer, Captain Frezier, who was 
attracted by the large size of the fruit. He had great difficulty 
in keeping the plants alive on the long sailing-ship voyage, but 
five plants reached France. Unfortunately all were females, and 
for a long time no fruit was obtained from them. One of the 
plants was the beginning of the strawberry industry in the neigh- 
bourhood of Brest, where growers interplanted it with other 
varieties, principally with forms of the Hautbois and Scarlet 
Strawberry and later with the variety ‘‘ de Barbier ” which, 
according to Mme de Vilmorin is a cross between the Virginian 
and Chilean strawberry. In this way provision for pollination 
was made and satisfactory crops developed. 

Although the greatly increased size of the fruit of the Chilean 
strawberry attracted considerable attention, comparatively httle 
progress followed its introduction during the eighteenth century. 
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A few varieties arose in cultivation, such as the Ananas, Caroline, 
Bath and Quoimio, and probably sjmonymcus with one or other of 
these are the Surinam and Fra^aria grandiflora. In England at 
this time the cultivated varieties of the wood strawberry were 
considered better than all the others. The lack of interest in the 
original Chilean strawberry was probably due to its se v eral defects. 
The colour of the fruit and the quality of the flesh were poor, and 
its unproductiveness recognised. In addition it was not very 
hardy, which probably accounts for the fact that it was at Brest 
that it made an outstanding success. Although later varieties to 
some extent avoided these defects, it is remarkable that, following 
its introduction, the Chilean strawberry for the best part of a 
century occupied only a comparatively minor position in straw- 
berry culture. 


The Garden Strawberry (octoploid, 2n=56) 

The early part of the nineteenth century saw considerable 
progress in the development of the garden strawberry, and it was 
at this date that the English horticulturists took the lead in the 
raising of new kinds. Varieties were obtained possessing a marked 
improvement in size, flavour and hardiness. The progress made 
by the English raisers was due to the fact that they resorted to 
sexual reproduction, and by this means the number of varieties 
began to increase rapidly. 

Early in the nineteenth century Thomas Andrew Knight, 
President of the Horticultural Society of London, began extensive 
cross-breeding experiments with many of our hardy fruits. 
Knight’s success with strawberries was only moderate, but his 
variety Elton Pine remained in commerce for many years. At 
about the same time Michael Keens, a market gardener of 
Isleworth, also began to raise strawberries from seed. In 1806 
he raised Keens’ Imperial from the seed of White Chile. From 
Keens’ Imperial he raised Keens’ Seedling in 1821, which in appear- 
ance, size and flavour was a great advance on any variety then 
known. Keens’ Seedling still exists, and in some respects is 
comparable to many of our modern varieties. In 1822 a Mr 
Wilmot, another market gardener of Isleworth, raised the variety 
Black Prince from seed of Keens’ Imperial, and in the following 
year he raised Wilmot’s Superb from crossing the Chilean with 
a scarlet strawberry. The variety Hovey was raised in America 
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in 1834, and was the first notable large-fruited variety raised in 
that country ; from the known details of its origin it appears 
highly probable that Keens’ Seedling was one of its parents. 

Later, Mr Myatt of Deptford raised British Queen in 1840, 
Eleanor in 1847 and Filbert Pine in 1852. Samuel Bradley at 
Elton Manor Gardens, Nottingham, raised the widely famed 
Sir Joseph Paxton in 1862, and the highly flavoured Dr Hogg in 
1866. The most successful of the English raisers of strawberries, 
however, was Thomas Laxton, who began extensive and 
systematic cross-breeding experiments in many cultivated plants 
in 1858. Laxton raised and introduced the variety Traveller in 
1872 and Noble and King of the Earlies in 1884, the merits 
of which were recognised by the Royal Horticultural Society by 
the award of first-class certificates. Laxton’s most outstanding 
success was Royal Sovereign, which he raised from intercrossing 
the varieties Noble and King of the Earlies. This world-famous 
variety was introduced in 1892 ; it was an immediate success, and 
in the opinion of many remains unsurpassed. 

In recent years the genus Fragaria has been cytologically 
examined, and the results of the investigations are of considerable 
interest in relation to the development of the strawberry. Longley 
(1926) found the basic chromosome complement of the strawberry 
to be seven. The wild European strawberry Fragaria vesca is a 
diploid species with fourteen chromosomes. The other species we 
have mentioned and our modern cultivated varieties are fouhd to 
be polyploids. Thus F. elatior is a hexaploid with forty-two, and 
F, virginiana and F. chiloensis are both octoploids with fifty-six 
chromosomes. The investigations of Ichijima (1928), Mangels- 
dorf and East (1927), Yarnell (1931 a and b) and Lilienfeld 
(1933) confirm and extend the findings of Longley. Diploid 
forms, including Fragaria vesca, hybridised freely and gave fer- 
tile progeny. Similarly crosses between octoploids gave fertile 
offspring, but attempts to intercross species with different chromo- 
some numbers, such as F. vesca x F. elatior or F. virginiana, and 
F. elatior with F. virginiana or F. chiloensis, were abortive or at 
the most resulted in sterile hybrids. The facts throw direct light 
upon the development of the strawberry subsequent to the 
introduction into Europe and cross-breeding of the two octoploid 
species F. virginiana and F. chiloensis, which were previously 
geographically isolated ; it is significant that our cultivated 
strawberries are also octoploids and there is little doubt that these 
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species were the immediate parents of our modern varieties. We 
have recently examined Keens’ Seedling, King George and other 
cultivated varieties and they all prove to be ootoploids. 

During recent years we have raised families from crosses 
between F. chiloensis and F, virginiavu and between these species 
and Keens’ Seedling and more modern garden forms. Whenever 
F. chiloensis has been used as one of the parents the vigour of the 
offspring has been outstanding, and in many individuals resulting 
from crossing this species with garden varieties the flavour and size 
of fruit has been good, and, in particular, plants of this origin have 
been comparatively free from the serious troubles so often evident 
in cultivated strawberries at the present time. The form of 
F. chiloensis we used proved to be homozygous for black seeds, and, 
since this is a dominant character, all the Fi families raised 
had black seeds, but it should be possible to eliminate this 
presumably undesirable character by selection in the second and 
subsequent generations. Richardson’s (1914, 1923) results indicate 
that in the garden strawberry the inheritance of size, shape and 
flavour of the fruit is complex and that a number of genes are 
concerned in the determination of these characters. In high 
polyploids this behaviour is in accordance with genetic expectation. 

For a long time selection in the strawberry appears to have 
been mainly directed to the characters of the fruit, and other 
desirable characters such as vigour of growth and general con- 
stitution appear to have been neglected. It is possible that this 
accounts for some of the serious troubles to which many modern 
varieties are prone. We suggest that breeders should consider 
using the original species again, in particular crossing F, chiloensis 
with modern varieties and raising F 2 and Fg generations. 


The Cherry Plum, Prunns divaricata (diploid, 2n = 16) 

The leaves of the cherry plum Prunus divaricata are of three 
kinds, the normal green, the moderately coloured, e.g. P. divaricata 
var. Pissardi, and a form with more deeply pigmented leaves 
known as “ Pissardi nigra ” or “ Pissardi improved The forms 
with green leaves have white flowers, and those with purple leaves 
have flowers tinged with colour ; the colour also extends to the 
fruits and wood. In a breeding experiment with these forms we 
found that only one pair of genes governs the characters and that 
the green and deeply coloured forms are homozygous, and the 
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heterozygous Fi is the intermediate P. Pissardi. Thus, green 
selfed and green crossed green gave all green. Green crossed the 
deeply coloured form gave all intermediates, anci green crossed 
P. Pissardi gave intermediates and greens in the immediate 
offspring. 


Prunus domestica (hexaploid, 2n =48) 

The" results of our investigations with plums Prunus domestica 
(Crane, 1921 and unpublished) indicate that the ground colours of 
the fruit are green and yellow and that the various combinations of 
yellow and green are usually heterozygous. A genetic analysis 
of the anthocyanin colours is more difficult to summarise, but 
in general the purplish-red forms in which red predominates, as 
in the variety Victoria, appear to be dominant to the reddish 
purple and purplish blue, as when selfed this variety gave red 
with purple, red, yellow with red or purple, green with red or 
purple, yellow and purplish blue. It is evident that the ground 
colour affects the appearance of the anthocyanin colours, for 
example, red on yellow is much brighter than red on green. The 
variety Prince Engelbert which has purplish-blue fruits, when 
selfed, gives blue purples, red purples, brownish purples and green, 
which suggests that this variety is homozygous for green ground 
colour. The variety Pershor6 which has yellow fruits is homozygous 
for yellow. 

The habit of growth of plums can be provisionally classified as 
spreading-erect, erect, spreading-drooping and drooping. The 
latter appears to be a recessive character. Victoria, a spreading- 
erect variety, when selfed, gave 146 seedlings spreading-erect, 
38 erect, 31 spreading-drooping and 2 drooping. Selfed seedlings 
from Prince Engelbert and Pershore, relatively erect varieties, 
were in general all erect. Hairiness of the growth of plums varies 
in degree, but sub-glabrous growth is recessive. From selling 
Victoria, Denniston’s Superb, Early Transparent and Czar, 
varieties with hairy growth, we obtained 329 seedlings with hairy 
and 110 with sub-glabrous growth. Selfed derivatives of sub- 
glabrous varieties such as Pershore were all sub-glabrous. The 
freestone character is recessive to cling, but among the latter 
varying degrees of adherence to the flesh occur. 

In Figs. 37 and 38 and Tables XXV and XXVI is shown 
the range of variation with respect to shape and size of fruit 
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which we obtained from selfing the varieties Victoria, Early 
Transparent, Pershore and 


Prince Engelbbrt, and from 
crosses between these and 
other varieties. The relative 
shape and size of the parental 
varieties is shown in the 
figures. In Fig. 37 and Table 

XXV the figures denoting 
fruit size (volume) are an 
approximation derived from 
the formula length x breadth, 
and in Fig. 38 and Table 

XXVI the figures for fruit 
shape show the excess length 
over breadth expressed as a 
percentage. Thus at 100 the 
fruits are round, their height 
and breadth being of equal 
dimensions, at 82*5 they are 
oblate, and at the other ex- 
treme, 157-5, the fruits are 
more than half again as long 
as broad. 

The selfed offspring from 
Early Transparent, which 
has roundish-oblate fruits 
and the 'F^ from Cambridge 
Gage X Early Transparent, 
ranged from oblate to round, 
and the selfed offspring from 
Pershore, a variety with 
P3rriform fruits, were all more 
or less pyriform. These 
three famihes were the least 
variable with respect to fruit 
shape that we have so far 
raised. An analysis of our 
results indicates that in the 
plum many factors are con- ♦ 
cerned in the determination 



Showing the range of variation in fruit size from selfing the plum variety Victoria. 
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of fruit shape and size, ai 
chapter, probably arises from 
specific origin! The smallest 
homozygous than the 
intermediate sizes, are 
evidently heterozygous 
to some extent. In 
regard to fruit shape 
whereas the extreme 
oblate forms are relat- 
ively homozygous, the 
elongated forms are ap- 
parently somewhat 
heterozygous. As is 
general with most fruits, 
the inheritance of flavour 
in plums is difficult to 
record and summarise. 

In some families varia- 
tion in flavour has been | 
remarkably wide; in 
others high quality has ^ 
been evident in the large 
majority of the indi- 
viduals raised, while in 
other families poor qual- 
ity has prevailed. For 
example, "in the Victoria 
family the flavour varied 
from individuals as good 
as Victoria to individuals 
with a flavour compar- 
able to a sour astringent 
damson. In the Early 
Transparent family the 
rich flavour of the parent 
was evident in most of the 


d this as we show in a later 
i polyploid constitution and inter- 
and largest plums, though more 





seedlings. All the seedlings from 


Pershore had the insipid flavour of the parent. Crosses between 
such rich-flavoured plums as Cambridge, McLaughlin’s Gage, 
Denniston’s Superb and Transparent Gage, gave a high proportion 
of seedlings with a rich flavour, whereas crosses between plums with 
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a relatively poor flavour such as Pershore, Pond’s Seedling and 
Czar gave a high proportion of poordlavoured seedUngs. The 
practical conclusions are therefore self-evident ; to obtain good 
flavour the breeder should select good-flavoured varietiei as 
parents, and from them relatively small families may provide new 
varieties of good flavour. When, however, the breeder desires the 
combination of other characteristics with flavour, as ior example, 
the resistance to Silver-leaf disease evident in Pershore with the 
colour and flavour of Victoria, or again the fruit size of Pond’s 
Seedhng with the flavour and self-fertihty of Dennistun’s Superb, 
much larger famihes are necessary, and probably further generations 
will have to be raised before the desired combination is obtained. 

From the results of his extensive breeding investigations with 
plums Wellington (1927) came to the following conclusions. In 
Prunus domestica oval fruit shape is dominant to oblate. Thick 
bloom on the surface of the fruits is dominant to thin bloom. 
Yellow colour of the fruit is recessive to the red, purples and blacks. 
The free-stone character appears to be recessive to clingstone ; 
free-stones being obtained from cling and semi-chng parents. 

Wellington made many inter - specific crosses in Prunus, 
but apart from crosses between P. domestica and P. insititia, 
very few seedlings were obtained. Numerous crosses between 
P. domestica and P. armeniaca, P. americana and P. domestica, 
P. cerasifera and P. armeniaca, P. domestica and P. tomentosa, 
P. domestica and P. armeniaca and P. domestica and P. 'ptmica 
entirely failed. 

We have obtained some success in inter crossing P. insititia and 
P. spinosa, and P. cerasifera and P. domestica. The seedlings raised 
from these inter-specific crosses are described in a later chapter. 


Pears, Pyrus spp. (partly tetraploid, partly hexaploid, 2n =34, 51) 

In the European varieties of pears, Pyrus communis, Wellington 
(1913) found that the green skin of the fruit is dominant to russet- 
brown skin. Kikuchi (1930) has investigated the inheritance of 
the fruit skin colour of varieties of the Japanese pear, Pyrus 
serotina, and in contrast with the European pears, he found that 
in this species the russet skin behaves as a dominant character. 
This author states that two genes R and I govern the russet 
character. R gives a russet-brown colour ; r is green. When 
R is heterozygous I partially inhibits cork formation, to which 
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russetness is due, but the action of I is weakened under dry 
climatic conditions. Kikuchi concludes that the genetic constitu- 
tion of the plienotypes is as follows : 

(a) The constant russet-brown : RRII, RRIi, and RRii, 

(b) The modifiable russet-brown : Rrli. 

(c) The intermediate : Rrii. 

(d) The pure green : rrll, rrii, and rrii. 

In Rrll the inhibiting action of I is so strong that the cork 
layer does not extend over the whole surface of the fruit. 

At Merton, Crane and Lewis (unpublished) have begun a 
genetical investigation of cultivated pears, and preliminary results 
of five of the characters studied, namely pigmentation of growth, 
form of leaf-margin, colour of leaf, hairiness of growth and 
glandular leaves, can be explained on a simple genetical basis. 

(1) R- growth red, r= growth green or pale yellowish -green. 
The constitution of twelve diploid varieties for this factor has 
been established as follows : 

RR Rr 

Beurr 6 Giffard Beurre Clairgeau 

Fertility Beurr 6 Hardy 

Doyenne du Comice 
Durondeau 
Dr. Jules Guyot 
Hessle 

(2) S =leaf margin serrate or crenate, s =leaf margin entire. 

SS Ss ss 

Doyenn 6 du Comice Beiirr 6 Hardy Beurr4 Giffard 

Fertility Conference A, Ag Conference A^, A 3 

Charles Ernest 
Dr. Jules Guyot 
Durondeau 
Marguerite Marillat 

Except for reciprocal differences in families raised from crosses in 
which the variety Fertility was one of the parents, a single gene 
difference fits the breeding data so far available. The anomalous 
behaviour of Conference is being further investigated. These 
differences of leaf margin are quite distinct on the leaves of old 
growth, though not on the current season's growth. 

(3) C==leaf dark green, c=leaf pale green. Pale green is 
recessive, but this character has not been completely investigated. 


rr 

Conference 
Laxton’s Superb 
Marguerite Marillat 
Williams Bon Chretien 




— Golden Spire x Beauty of Bath (40). ™ Lord Grosvenor x P. Niedzwehkj/ana 
... Lord Derby X Duchess of Oldenburg (23) 



— Cox’s Orange x King of the Pippins (27). — Lord Hindlip x Cox’s Orange (21). 
... Cox’s Orange X Duchess Favourite (41) 



— Cox’s Orange x Sturmer Pippin (59). Northern Greening x Cox’s Orange (48). 
... Golden Spire x Cox’s Orange (50) 

Fig. 39 

Inheritance of size in apples. (After Crane and Lawrence, 1933.) 
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(4) H = stem hairy, h=stem glabrous or sub-glabrous. The 
available data indicate that a single gene governs this character. 

(5) E=leaf eglandular, e= glands on main venation. From 
preliminary results it appears that E is a dominant gene which 
suppresses the production of glands on the midrib of the leaf. 
Further data, however, are required before its genetical behaviour 
can be confidently established. 


Apples Malus spp. (partly tetraploid, partly hexaploid, 2n = 34, 5 1 ) 

In the apple variation in almost all characters is exceptionally 
wide. The ground colour ranges from pale cream through grades 
of yellow and greenish yellow to green. The red anthocyanin 
colour may occur as an even flush or in stripes. As a flush it may 
vary in intensity from pale to deep, may extend over the whole 
fruit or be confined to the side exposed to the light. Similarly 
the stripes may occur all over the fruit or be confined to one side ; 
may vary from pale to deep in intensity and in addition range from 
a few small flecks through broken stripes of varying dimensions 
to continuous broad stripes of colour. Both flush and stripes may 
occur together, independently or not at all. If there is much 
anthocyanin it is difficult, sometimes impossible, to distinguish 
ground colours which are closely alike, but when fruits with 
anthocyanin on contrasting grounds are compared, then the 
difference in fruit colour is considerable. Thus red on yellow 
gives a bright red, almost crimson or scarlet apple, e.g. Worcester 
Pearmain or Lady Sudeley. Red on cream gives a pink colour, 
e.g. Rev. W. Wilks, and red on yellowish green or green is generally 
brownish red, as in the varieties Sturmer Pippin and Allen’s 
Everlasting. The flesh colour varies from white through cream to 
yellow, and may be tinged with green as in Northern Greening or 
with red as in Beauty of Bath. 

In a recent paper (Crane and Lawrence, 1933) we gave a 
summary of preliminary results obtained from breeding experi- 
ments carried out with many varieties of apples. These results 
show that the inheritance of most of the characters studied is 
complex, and precise analysis difficult owing to the almost con- 
tinuous variation. 

The inheritance and distribution of anthocyanin appears to be 
controlled by a number of genes. The factors determining its 
inheritance seem to be dominant, since individuals without 




— Cox’s Orange x Sturmer Pippin (59). — Cox’s Orange x Duchess Favourite (41). 
... Cox^s Orange X Rev. W. Wilks (22) 



— Royal J ubilee x Northern Greening (22). — Lord Hindlip x Northern Greening (30) 

... Lord Hindlip x Duchess Favourite (17) ' 

Fia. 40 

Inheritance of shape in apples. (After Crane and Lawrence, 1933.) 
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anthocyanin give progeny with very little or no anthocyanin, 
whereas coloured forms crossed together commonly segregate 
individuals without anthocyanin. The ground colour appears to 
be determined by a number of cumulative genes, and yellow ground 
appears to be partially dominant or epistatic to green ground. 
Flesh colour also appears to be determined either by cumulative 
or complementary genes. 

In the apple differences in fruit size are very considerable. 
The range of variation which occurred in nine families in respect 
of fruit size is presented in Fig. 39. The approximate size of the 
parents is also shown in the figures. The figures denoting fruit 
size (volume) are derived from the formula 

Length x (radius 
1000 

This product multiplied by 2*7 approximates closely to the actual 
size of the fruit in cubic centimetres. In all the families we have 
raised, the mean fruit size of the progeny is smaller than the 
mean size of their parents, and the results suggest that small size is 
dominant to large size. The results also indicate that a number of 
cumulative genes are concerned in the determination of fruit size. 

The shape of the fruit varies from a flattened oblate, where the 
diameter is much greater than the depth, as in Beauty of Bath, to ^ 
tall apple where the depth is greater than the breadth, such as the 
varieties Golden Spire and Smart’s Prince Arthur. 

The range of variation which occurred in a number of families 
is presented in Fig. 40, which also give the approximate shape 
of the parents. The figures for fruit shape represent the ratio 
length/breadth expressed as a percentage. At 100 the fruits 
are practically round, their height and breadth being the same. 
Above 100 the fruits are long and below 100 flat. 

In the inheritance of flavour, there is also an almost insensible 
gradation from one extreme to the other, and in the time of 
ripening no sharply discontinuous variation occurs, although when 
comparatively early ripening varieties have been inter- crossed the 
time of maturity of the resulting offspring is mainly early. For 
example, all the seedlings from Golden Spire (October) and Beauty 
of Bath (August) ripened between August and October. When 
comparatively late maturing varieties have been inter-crossed the 
variation, although considerable, is mainly confined to lateness. 
For example, the offspring from inter-crossing such varieties as 
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Lord Hindlip and Northern Greening, and Cox’s Orange and 
Sturmer Pippin, ripened from November to March. Where 
families were raised from comparatively early varieties crossed 
with late varieties, the variation in the period of ripening occasion- 
ally exceeded the extremes of the parents, but usually it was 
confined to the limits of the parental extremes. 

The free formation of root-burrs is characteristic of many of 
the apple rootstocks propagated by layering. Indeed it appears to 
be one of the principal characters which separate the Paradise 
rootstocks from the cultivated apple. In the seedlings we have 
raised from cultivated varieties, forms with various degrees of 
burring have occurred. The variation ranged from seedlings 
which were entirely free from root-burrs to seedlings with 
numerous pronounced burrs. The results indicate that the 
genes governing root-burr formation are cumulative, the degree 
of burring increasing as the completely recessive condition is 
approached. 

From the results of his breeding experiments with apples 
Wellington (1924) concluded that such skin characters as oiliness 
and russeting were recessive to the more general smooth skin. 
Yellow fiesh appears in some cases to be dominant to white, and 
acidity to sweetness, but it is evident that a number of genes are 
concerned with these characters. Wellington found the season of 
ripening more variable, but in general early maturing varieties 
crossed with early gave mostly early, while late varieties crossed 
with late gave mostly late maturing seedlings. Wellington 
and also Macoun and Davis (1919) comment on the variety 
McIntosh Red and state that it has proved to be a very suitable 
parent, as in several crossed families a large proportion of the 
seedlings possessed many of its desirable characters. Neverthe- 
less, it is evident that McIntosh Red is heterozygous in several 
respects, though it is probable that for certain desirable characters 
such as red colour it has a larger number of dominant than of 
recessive genes. Tydeman (1933), in a detailed report on breeding 
experiments he has carried out with Paradise apple rootstocks, has 
shown that discontinuity is exceptional and that a greater or 
lesser amount of inter-grading occurred between the numerous 
characters he studied. 

The complexity of the hereditary behaviour of the apple is 
probably due to two causes, namely, hybridity and an intricate 
polyploid constitution. The ease with which many species of 
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Malus intercross points to the frequent occurrence of hybridisation 
both now and in the past. Vavilov (1930) states that the area of 
the wild apples is very extensive and describes loijalities in Asia 
where they are concentrated, and where such species as Malus 
pumila and M. silvestris are found. He reports that the fruits of 
the wild apples of Turkestan are characterised by their com- 
paratively large size. Individual trees bear fruit which in quality 
is not inferior to that of cultivated forms, and some are of 
astonishingly large size and exceptional productivity. Vavilov 
also states that in some localities the whole scale of transition 
from the typical small, sour apple to the cultivated, perfectly 
edible forms may be observed. 

With the exception of the Pomoideae, the basic chromosome 
numbers of the genera of the Rosaceae are seven, eight and nine, 
and of these seven is by far the commonest. In the apple, 
however, the haploid chromosome number is seventeen and our 
cultivated varieties are of two kinds, the so-called diploids and 
triploids with thirty-four and fifty-one chromosomes respectively 
(see Fig. 41). Darlington and Moffett (1930) have shown that the 
apple, although functionally a diploid with two sets of chromo- 
somes, is fundamentally a complex polyploid in which there 
is a repetition of similar chromosomes in each set of seventeen, 
derived from an original basic number of seven. From the^ 
behaviour and association of the chromosomes they have further 
concluded that the haploid set of seventeen chromosomes is made 
up of two sets of seven with three of the chromosomes repeated a 
third time . In other words , the so-called diploid apples with thirty- 
four chromosomes are partly tetraploid and partly hexaploid, and 
the triploids with fifty-one chromosomes are partly hexaploid and 
partly nonaploid, as follows : 


Ancestral 

Complement 

Haploid, 

2n = 17 

Diploid, 

2n = :U 

Triploid, 

2n--51 

A 

A^ A2 A3 

Aj A2 A3 Aj A2 A3 

Ai Ag A3 Ai Ag A3 Ai Ag A3 

B 

B2 B2 Bs 

Bj B2 Bg Bj Bg Bg 

Bi Bg B3 Bi Bg B3 Bi Bg B3 

C 

C, C, C3 

Cl C2 Cs Cl C2 C3 

Cl Cg C3 Cl Cg Ca Cl Cg Cg 

D 

Di Dj 

Di Dg Di Dg 

Di Dg Di Dg Di Dg 

E 

El E, 

El E2 Ej Eg 

“1 “2 “1 E<g Edi C<2 

F 

Fi F, 

Fi Fa Fi Fa 

Fi F, Fi F, Fi F, 

G 

Gi G, 

Gi Gg Gi Gg 

Gi G, G, G, Gi G, 


Moffett (1934) has further shown that our cultivated varieties of 
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pears consist of similai diploid and triploid forms, and that seven- 
teen is the haploid chromosome number throi.tghout the Pomoideae. 
The group of species are therefore complex allo polyploids described 
as secondary polyploids. A list of diploid and triploid apples and 



Fig. 41 

The chromosome complements of A, Northern Spy (2n=34) ; and 
B , Bramley ’s Seedling ( 2n = 5 1 ) . 1 , The somatic complements ; 

2 and 3, successive stages in germ -cell formation. (After Dar- 
lington and Mol?ett, 1931.) 

pears is given and some of their characteristics described in a 
subsequent chapter. 

Since out of a total of thirty-four chromosomes in the apple there 
are, according to Darlington and Moffett’s conclusions, eighteen 
chromosomes (6x3) any one of which is more or less similar to five 
others, the chances are slightly more than even that a gene will be 
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represented six times or have one to five other genes similar but 
slightly different from itself. For example, if one of the chromosome 
types which is represented six times be designated t>y the letter A, 
and this chromosome carries a gene for fruit shape or colour, then 
each of the other five A chromosomes might carry (1) identical 
genes acting in a cumulative manner, thus giving seven different 
genotypes, or (2) some identical and some slightly different genes, 
all of them governing shape or colour but in slightly different 
ways, and from such a constitution a wide and complex range of 
variation would be expected. As we have shown in the tetraploid 
Primula sinensis and octoploid Dahlia, when a number of cumu- 
lative and differential factors govern the same character, the 
expression of dominance is essentially more variable. Indeed, 
certain balances may suggest that a character is recessive whereas 
others may point to dominance. In the apple, difficulty in 
deciding dominance is frequently encountered, and it is probable 
that it arises from some such cause. 

As we have shown, in several of the characters of cultivated 
pears, variation is discontinuous. Moffett (1934) cytologically 
studied many varieties. In diploids no multivalents were ob- 
served, and he also found that the degree of secondary pairing 
was lower in pears than in apples. He concluded that this 
indicated a greater degree of differentiation of the chromosome^; 
in pears as compared with apples. This may be directly associated 
with the differences in variation. Also, from what is known of 
the history of pears, it appears that fewer species are immediately 
involved in the origin of cultivated forms than is the case in 
cultivated apples. 

The Triploid Varieties of Apples 

In a paper published in 1930 we presented some preliminary 
breeding results with apples, in which attention was drawn to 
the high degree of generational sterility which occurs among the 
triploid varieties ; and to the weak and feeble growth invariably 
evident in families where either one or both parents are triploids 
(see Fig. 42). These and additional results are detailed in Table 
XXVII, and they show that comparatively few viable seeds are 
obtained from triploids and that the resulting offspring are 
mostly weak. 

The occurrence of non-viability of seeds and of wide variation 
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in the vigour of seedlings in families of apples has been commonly 
reported upon in pomological literature. Wellington (1924), 
Crandall (1924), Dahl and Johansson (1924, 1930), Dickson (1928) 



Fio. 42. — Seedlings of Apples, Three Years Old 

Left, from diploid varieties inter-crossed ; Right, from diploid varieties 
crossed with triploids. 


and many other investigators have described the occurrence of 
such variations. Owing to lack of knowledge of the chromosome 
complement of the varieties used as parents it is not possible to 


TABLE XXVII 


164 


THE GENETICS OF GARDEN PLANTS 


CHAP. 


Total 

■ Growth of 
Family 
in in. 

©coTi<TjH ©cq-^ © i> ©©© !> ©co<-*ii-i-ri*OffO 

©©©CO t-©Tfl © CO (Nrticq ©Cq©C0'^W5© 

©r^© i-< i>©© •* ©'^co©coi> 

© >1 cq cq © i-H 

Average 
Height of 
Seedlings 
in in. 

(N©co(N cqio<© © to ©© 1 ^ , Cq©QO©©©CO 

©i^©'^ ©’^'^ <b © coob'^ !o 4 ©©cibid^Ai© 

©Tit*^i-H cqcq^ cq cq ustHth i-^ '«t'^THrt<'^rhco 

No. 

Seed- 

lings 

sur- 

viving 

rfcqcq i-i ^ i^)®© ©^ <-HCO©cq»-Ht^© 

cq I— 1 1— ( t'" rH f-H i-H 

No. 

Seeds 

germin- 

ated 

©©©^ ©cq© © © ©cqr> cqcq coco©cq^i>© 

cq cq r-H 00 rn fh .-h 

Good 

Seeds 

per 

Fruit 

l>Cq©lO -H©© © CN F-('^© ©ip rX©©© 

01rH(N© rHCNCO Cq COGOC^I COCO©rHOM4< 

ppar- 
ty good 
leeds * 

r^©©»-x ^.,^05 (M r-i cqTti© ©cq coso©cor-ioo© 

(sqpH(?^ F-^ r-( pH cq 


I a 


000©<N (M(MCO CO 10 COTt< '^r-irH.-^(MC0»O 


t- © © © 
GO ^ 00 CO 


© (N 00 
^ 


© 

© 


00 

<N 


© © 
CO © 


© (N © l> CO CO © 
(N IM O Oa (N l> 


hf) 

0*^ I 

I? §?? 

^ I § 1?' 


• ® ® 0) 

I 

£ g gp; 

«oo ® 

"oi ^co -r; 
C3 M X eS 
ca o o rC 
h-3 O O O 


.If 

|o 

Is i 

2 § 1 1 

§1 
hISw 
, ^ -S ^ ^ 
I g-g g 
•S-" 

Q ® 

d 

S ^ (i; 

O o " 

” s $ 
X S 
o <13 oe 
0 


<13 

bo 

cu^ 

X Q rH 

T5 U -g ® 

.ii O BO 

O 


.&Sd 
H ^ 

M 

o 


d H 


’Hi 

•= 8 , 

§ 

Ph 

o 


s s 


‘(13 


cC 

:2 a® ^ 

^ GQ ^ i/2 

•2^g;S g 

•y« » •« 

H O O 

X ^ X 

S N ? N 

Si&g 

® d ® 
^ ® ^ 


03 

bc 

d 

ce 


C3 

bc S 

j 03 T3 ^ 
■S o3 S -M 03 

® A H .2 

.&°l u-§ 
H I « 5 s 

X S X X 

■D c t 3 I 

•d 03 03 S 0 

o ^ ^ ^ 

li 

g 

U pj 


S) 

§ 

Ot 


• 15 
03 

P5 


H ® 


PQ « !2; 


CO 

^t® ''® 

X g 
o 03 
O hJ 


pd g 

K CC 03 ^ 

^ o boO 

lfe”|i-; 

a'ils'SS 

X d 5 d ^ 

+s d3 Sh -P O'*® 
03 H ^ ® .S ® 

.d ^ rd ©3 .d 

^ X ^ W 5 

drS^^ d « d 

.3 ^ .S 0 .3 

pL^ « (1 h ^ (1, 

^cc S ® „<» ® 

03 ^ d d 'p 03 

d ^ 3 d S3 d 

3 o c3 <13 .d 3 

j 12; ►? i4 o ►j 


l>l>t-l'>» t>t»l> l> |> 

<N c^ 

»--( CO © © '<dh' © cT ip 


ao cc cc 

(N (N (N 


CC (X> 

(N IM 


©©©©©©© 

<N ^ <M <N cq oi 


oqcOf-H Tt<© ©©cqi-icoi>© 




TABLE XXVII {continued) 


vn 


FBurrs 


165 




166 


THE GENETICS OF GARDEN PLANTS 


CHAP. 


consider all the cases to which the above investigators refer, but in 
many cases it is clear that the lack of vigour and feeble growth 
they describe is the result of using triploid varieties as parents. 
For example Wellington (1924) describes the extreme feebleness 
of the progeny where Baldwin and Gravenstein have been used as 
parents ; both are triploid varieties. Dahl and Johansson found 
that Belle de Boskoop and Gravenstein varieties, of vigorous 
growth, in general gave very weak offspring, whereas Ananas and 
Bismarck, themselves of less vigorous growth than Belle de Bos- 
koop and Gravenstein, gave vigorous seedlings. These authors 
suggested that there was a correlation between weight of seeds and 
vigour of seedlings, as the seeds from Belle de Boskoop and 
Gravenstein were lighter in weight than those of Reinette Ananas 
and Bismarck. Belle de Boskoop and Gravenstein are triploids, 
and Reinette Ananas and Bismarck, although not cytologically 
examined, have all the characters of diploids. Dickson (1928), 
from the results of his investigations, suggested that “ with age 
of variety, abnormalities occur which cause low seed content, poor 
germination of seed and lack of vigour in the seedlings Among 
the varieties which Dickson investigated are the triploid varieties 
Belle de Boskoop, Baldwin, Blenheim, Gravenstein, Ribston and 
Stayman. It is therefore evident that the correlation between 
weight of seeds and vigour of seedlings suggested by Dahl and 
Johansson, and probably that of age and sexual degeneracy 
suggested by Dickson, are simply the natural consequences which 
arise from using triploid varieties as parents. The imperfections 
of the seeds and the lack of vigour of the seedlings result from 
the irregularities in germ-cell formation in the parents. 

The offspring obtained from selfing diploid varieties are often 
weak, and considerable variation in the viability of the seeds and 
in the vigour of the seedlings occurs within families raised from 
diploid parents, but as is shown in Table XXVII the offspring 
from diploids x diploids are invariably more uniform and vigorous 
than the offspring from triploids x triploids or diploids x triploids. 

Our colleague Dr. A. A. Moffett (1931) has reported upon a 
number of the seedlings we have raised from crosses between 
triploids and between diploids and triploids. The somatic 
chromosome numbers of the seedlings from crosses between 
triploid varieties ranged from forty-seven to sixty-four, and those 
from diploids x triploids from thirty-seven to forty-seven. It is 
therefore evident that the weak and feeble growth characteristic 
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of the majority of the seedlings raised from tripioid parents is 
associated with an irregular aneuploid chromosome constitution. 
Possibly an exceptional form may occur as a rarity among such 
seedUngs, but the vigour and productivity of the anetploids 
which we have raised at Merton have not so far been sufficiently 
high to consider their ever becoming widely grown varieties. 
Therefore, although many varieties of tripioid apples are of 
outstanding merit, the breeder must beware of following the 
traditional method and using these excellent varieties as parents. 
As we show in a later chapter, the tripioid apples and peak’s are 
exceptional among our European fruits in possessing an irregular 
chromosome complement, and yet being sufficiently productive 
to be of economic value. Nevertheless, the inevitable irregu- 
larity in germ-cell formation makes them practically useless to 
the plant-breeder. 



CHAPTER VIII 


BUD-SPORTS, VARIATIONS AND FLUCTUATIONS 

The occurrence of somatic or vegetative variations in plants has 
an especial appeal to the horticulturist, as many varieties of 
flowers, fruit and vegetables have arisen in this way. The 
apple Crimson Bramley arose as a bud-sport from Bramley’s 
Seedling, the plums Coe’s Violet and Crimson Drop from Coe’s 
Golden Drop, the climbing form of the rose Mrs. W. J. Grant arose 
from the bush form. In chrysanthemums, dahlias and many other 
flowers colour-sports are frequent. 

Among our cultivated plants vegetative dierenc es are common, 
but it is often a matter of considerable difficulty to determine 
their nature. In studying these differences therefore it is necessary 
first of all to differentiate genetic variations, which are the result 
of some inherent change in the plant itself, from differences which 
are due to the influence of soil, climate and other environmental 
causes. In general, differences of the latter class are not heritable 
and are better termed fluctuations. Next we must consider 
whether the genetic variations are superficial and confined to the 
epidermis and outer tissues of the plant, or whether all the tissues 
are involved ; that is to say, are the plants what is known as 
pericUnal, mericlinal or sectorial chimaeras ? Thirdly we have to 
consider the cause of the change, whether due to the loss, gain, 
mutation of a gene or a number of genes, to the loss of a whole or 
part of a chromosome, reduplication, or other nuclear or cyto- 
plasmic aberrations. The above questions give rise to many 
points of practical importance ; particularly when it is desired to 
perpetuate “ bud-sports ” by sexual or asexual means. 

Before discussing in detail examples of somatic variations in 
plants, a brief description will be given of the investigations of 
Winkler (1907-14), who was the first deliberately to produce 
chimaeras. These researches have materially assisted in the 
elucidation of the peculiar structure of many of our cultivated 
plants. 
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Graft-Chimaeras 


Winkler excRanged the main shoots of young plants of different 
species of Solarium by grafting, and after the grafts had unite 1, the 
plants were cut across at the point of union, as shown in Fig. 43 
(the white area representing the stock, and the 
black area part of the scion). From callus tissue 
formed on the surface young shoots differentiated. 
Most of these consisted of uniform tissue of one 
or other of the species used, but from parts of the 
surface where the two tissues united, shoots oc- 
Fio. 43 easionally arose in the formation of which both 
CrosH-aection of species — the stock and the scion — had taken part, 
giafted stock, chimaeras formed were of different kinds, 

being either periclinal or sectorial as described by Baur (1908) 
or mericlinal (J(t)rgensen and Crane, 1927). 

A periclinal plant has its interior completely covered by a skin 
of another type, just as a glove covers a hand. Scch an external 
covering may be one or more 
cell-layers thick. Fig. 44a 
diagrammatically represents 
a cross-section of a stem of 
such a plant. In plants 
which are entirely periclinal 
the leaves and fruits are all 




alike, and when well-marked 
differences in leaf- or fruit- 
shape occur, they are to some 
extent intermediate in shape 
or colour between those of the 
two species or varieties of 
which the plant is composed. 



Fig. 44 


In a sectorial plant a sector cross -sections of different types of chimaeras. 
or wedge of the stem is com- a, Periclinal; 6, sectorial; candrf, meri- 
posed of tissue of another Jorgensen and Crane. 

species or type, see Fig. 446. 

Such a plant wiU have three types of leaves and fruits, some of the 
type of one species, some of the other and a few sectorial. The 
sectorial leaves and fruits form in the region of the stem where 


the two tissues meet, the two parts meeting in a longitudinal line. 


The mericlinal type of chimaera is diagrammatically represented 
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in Figs. 44c and 44d. These plants have the external appearance 
of sectorials and are often confused with sectorials ; they are, 
however, quite distinct and are actually incomplete periclinals. 

Sectorials in the real sense of the 



A periclinal chimaera produced 
from grafting Solarium 
luteum on the tomato 
“ Sutton’s Best of All ”. 
The chimaera is composed 
of two layers of S. luteum 


word are of very rare occurrence. 
The large majority of the variations 
in plants referred to in the literature 
as “ sectorials ” are actually meri- 
clinal variations. Among our culti- 
vated fruits and plants mericlinal 
variations are quite common. Some- 
times the major part of the plant is 
involved, but often only a shoot or 
individual flower or fruit, or even a 
part of a fruit, is concerned. A 
periclinal chimaera in Solanum is 
shown in Fig. 45. 

One of the earliest examples of a 
graft -chimaera is Cytisus Adami. 
According to the records it orig- 
inated as follows : M. Adam, a 
nurseryman at Vitry in France, in 
1825 bud-grafted the small semi- 
prostrate Cytisus purpureus on to 
the common Laburnum. From the 
region of the insertion of the bud a 
shoot developed which was very 
different from either purpureus or 
Laburnum. This shoot subsequently 
produced flowers which in form and 
colour were intermediate between 
the two species. The leaves were 
also intermediate in size. The 
behaviour of Cytisus Adami, in 


over a core of tomato. The occasionally Segregating branches 
branch on the bottom i i t i 

right-hand side is pure s. wmcn were entirely Laburnum and 

luteum. (After J<|)rgen8en Others which remain wholly Cytisus 

and Crane 1927.) purpureus for a long period, gave rise 

to considerable discussion and speculation regarding its origin, 
and although it was previously suspected by some investi- 
gators to be a graft-chimaera it was not until 1910 that Buder 
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demonstrated that Gyiisus Adami is a periclinal ehimaera with 
a core of the common Laburnum sur ounded by an epidermal 
layer of Cytis^m purpureus. Other welLknown examples of 
chimaeras which have resulted from the horticultural practice of 
grafting are the various combinations of the common Hawthorn 
and Medlar, the so-called Crafaegomespili. The best-known 
forms are CraMegomespihis Asnieresii (Fig. 46) and Crataego- 



Fig. 46 

1, Crataegus monogyna ; 2, tho poriclinal graft-cliiniaera Crataegomespilus 
Asnieresti ; S, M espilus germanica. (After Baur, 1909.) 

mespilus Dardari, These plants are composed of an inner core 
of the Hawthorn, Crataegus monogyna, surrounded by the Medlar, 
Mespilus germanica, and from analogy with other graft-chimaerasi 
Asnieresii appears to have one and Dardari two external layers 
of Medlar. 

In the past it has been a matter of considerable debate whether 
Cytisus Adami and the Crataegomespili were graft-hybrids in the 
real sense of the word, resulting from a somatic fusion of the cells 
of the two components. Some investigators, notably Daniels 
(1923), still incline to this view. Haberlandt (1926) also originally 
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considered such a possibility, but following further investigations 
(1930) he has concluded that Asnieresii is a periclinal chimaera, 
and is prepared to extend this conception to the* other forms of 
Crataegomespilus. No graft-chimaera adequately investigated 
has provided indisputable evidence of nuclear fusion having 
occurred between the two grafted components. 

Among apples a number of graft-chimaeras have been recorded. 
In the example figured and described by Castle (1914) and com- 
posed of the varieties Boston Stripe and Golden Russet, the latter 
appears unable completely to cover the larger variety Boston 
Stripe, and in consequence the basal half of the fruits have the 
character of Golden Russet and the apical half those of Boston 
Stripe. Other apple graft-chimaeras have been described by 
Rodway in Tasmania between the varieties Senator and Rome 
Beauty, and by Stout (1920) in the United States between King 
and Roxbury Russet. Graft-chimaeras have also been reported 
in other plants, i.e. pear- quince and rose. 

Autogenous Chimaeras 

The chimaeras which we have so far discussed have origin- 
ated from the horticultural practice of grafting, but many of our 
cultivated plants are chimerical in structure without any process 
of grafting having been involved. Such autogenous chimaeras 
originate in somatic cells as a result of some natural process by 
which diverse cells arise and give rise in turn to diverse tissues. 
Well-known autogenous chimaeras are the albo-marginate forms 
of Pelargonium, which have a green core and white outer layers. 
Other forms have a white core surrounded by green outer layers. 
Many plants are amenable to propagation by root-cuttings, and 
by adopting this method their periclinal structure has been 
demonstrated. Normally the buds and lateral shoots of plants 
arise exogenously, consequently asexual propagation of stem or 
lateral shoots by grafting, budding, layering, cuttings, etc., perpetu- 
ates the characters of the variety. In most plants, however, buds 
from roots which differentiate into shoots to form new plants arise 
endogenously, i.e. from the internal tissues, therefore if the interior 
of a plant differs from the exterior, root-cuttings or any buds or 
shoots of endogenous origin will give rise to individuals which 
differ from the type. For example Bateson (1916-21), experi- 
menting with Bouvardias, found that root-cuttings of the pink- 
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flowered variety Bridesmaid invariably produced the red variety 
Hogarth. Chittenden (1927) found that plants of endogenous 
origin raised from the Pelargonium Double Life, a variety 
with double flowers devoid of anthers, produced plants with single 
hermaphrodite flowers. Many other plants are known which 
behave in a similar fashion. 

Environmental influences generally affect the whole of the 
plant, whereas somatic variations when they first appear usually 
affect a small part only. Asexual reproduction, however, enables 
even a single bud which differs from the type to give rise rapi^^ly 
to a plant which differs from the original variety' Somatic 
differences in the colour of the fruits of apples are common. In 
the variety Bramley’s Seedling two forms occur : (1) the original 
Bramley’s Seedling and (2) Crimson Bramley. In thU ease the 
bud-sport, or somatic variant, has received varietal recognition, 
but between these two forms trees with fruits intermediate 
in colour intensity commonly occur. The variety Lady Sudeley 
also has two well-defined forms : (1) the original with a bright 
yellow ground and almost scarlet stripes, and (2) a paler and 
slightly russet form. This bud-sport is a sharply discontinu- 
ous variation, whereas most colour variations in apples have 
intermediate forms, or more correctly speaking, they bear fruits 
which are only changed in part, the other part corresponding with 
the original. The variety Gravenstein has given rise to a number 
of colour variations, viz. Henze’s Gravenstein, Koch’s Graven- 
stein, three varieties distinguished respectively as Gravenstein of 
Palaiser, Hesom and Sabygard, and a lied Gravenstein (Roter 
Gravenstein). Ncbel (1929-30) found all these clonal variations 
of Gravenstein to have fifty-one chromosomes like the original 
Gravenstein. In the variety Cox’s Orange three colour -forms 
occur ; ( 1 ) a yellow ground with the red colour distributed in 
flecks, which appears to be the original form ; (2) a form with the 
red in stripes ; and (3) a form almost entirely red. As far as our 
observations go, the all -red forms occur only on the red -striped 
forms, which suggests that the striped condition is &n intermediate 
stage between the two extremes, perhaps of che nature of a 
mericlinal chimaera. Although they appear to be sectorial 
chimaeras, the more deeply pigmented sectors occasionally seen 
on many varieties of apples are doubtless mericlinal variations. 
They are very common on some varieties, e.g. Gladstone and 
Feltham Beauty. 
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The above are clearly examples of somatic variations in apples, 
and many pthers could be quoted which involve season, colour, 
size, shape of fruit, etc. (see for example '' Bud Mutations in the 
Apple ”, by Shamel and Pomeroy, 1932, J , Hered. 23). In many 
varieties, however, differences occur which are not so easy to 
define, but the question may be asked if the wide differences in 
colour so commonly seen in such varieties as Lane’s Prince Albert 
and Newton Wonder are always due to the influences of soils, root- 
stocks or other environmental causes. From the nature of the 
colour differences in these varieties it is highly probable that, in 
addition to environmental influences, genetic variations are also 
involved. 

A striking variation in the shape of the fruits of apples is 
described and figured by Carriere (Revue Horticole, 1881) ; it is a 
normal apple which has a number of pear-shaped fruits. In 
recent years we have had similar fruits sent to us from a tree in 
Suffolk, and were informed that the tree invariably carries a 
number of typically pear-shaped fruits each season. There is but 
little doubt that by bud selection trees and clones with pear-shaped 
fruits could be established from this somatic variation. Trees of 
Blenheim Orange with angular, almost oblong fruits, occur which 
are widely different in shape from the typical symmetrical fruits 
of Blenheim Orange. The question may arise as to whether the 
angular form is a bud-sport from the original Blenheim Orange, or 
whether it is a different individual, but with the exception of this 
difference in fruit shape the trees are in all details typically 
Blenheim Orange. 

The examples of vegetative variation in apples to which we 
have so far referred have been concerned with characters which 
are fairly readily seen, and the question arises as to what extent 
do apple varieties vary in other respects and in characters not 
readily discernible to the eye. With respect to the fruits of the 
variety Gladstone, to which we have previously referred, colour 
appears to be correlated with a change in flavour. At least we 
have a decided preference for the fruits with the yellow ground 
and red flecks, over those of the red somatic variant, both in 
respect to flavour and texture of the flesh. 

It is well known that high- and low-yielding trees frequently 
occur within one variety, and the possible cause of such differences 
is often discussed. They have also been the subject of experiment 
by various investigators. In most cases, as for example in the 
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experiinents carried out by Crandall (1918), Sax (1923) and Rawes 
(1922), no significant differences in the yield of the clones raised 
from high- and low-yielding trees occurred Macoun (1921), 
however, obtained a significant difference in the av'erage yield, 
over a period of nine years, of two sets of trees vegetatively raised 
from the highest and lowest yielding trees in an orchard of the 
variety Wealthy. In those experiments, where no significant 
difference in yield occurred, it may be concluded that the differ- 
ences in the original trees were merely fluctuations due to 
environmental influences, but Macoun’s results at least suggest 
that a genetic variation affecting the yield of the trees may have 
been involved. Rhamel, Pomeroy and Caryl (1927-29) have 
shown that unproductive strains of the Washington Navel and 
Valencia oranges have arisen as bud variations. They state : 

The limb and tree variations of the Washington Navel orange 
that have been strikingly and inherently unproductive have been 
segregated into three groups : (1) those of very light production, 
but bearing fruits apparently identical with those of the parent 
strain ; (2) those having a very low production of small, wrinkled 
fruits ; and (3) those bearing somewhat larger crops of rather 
coarse fruits as compared with the other two groups. These 
strains are important ones lo the Washington Navel orange 
industry, because the presence of trees of these strains has been 
proved to be largely responsible for the very low production of 
several commercial orchards where individual tree studies have 
been carried on, and it is doubtless the cause of low yields in many 
other unprofitable orchards.” Shame^ et ol. (1933) have also 
described a low-yielding bud variation in the plum Prune d’Agen, 
and also bud variations involving differences in the shape, size 
and time of maturity of the fruit of this variety of plum. 

The plums Crimson Drop and Coe’s Violet originated as bud- 
sports from Coe’s Golden Drop. Coe’s Violet has a pronounced 
violet line along the suture of the fruit, and Crimson Drop, as 
its name implies, is crimson and more russet than the type. In 
Coe’s Golden Drop the red colour generally occurs as flecks 
or spots on the exposed side, and as is common in apples, the 
bud-sports have an increased and intensified colour. A similar 
example is the plum Yellow Magnum Bonum which sported 
a branch bearing red fruits (Darwin, 1882). 

In peaches the hairy condition is dominant over the nectarine’s 
glabrous condition, and several sports of peach to nectarine are 
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well known. On the other hand, the recessive nectarine has been 
known to sport the dominant peach (Darwin, 1882). 

Among numerous other recorded bud-sports in fruits are red 
currants giving white currants and, more rarely, white giving red. 
The red currant has also sported a pink form with fruits inter- 
mediate in colour between white and red. The peach Grosse 
Mignoniie gave the variety Grosse Mignonne Tardive, which 
ripens two weeks later. The cherry May Duke has also sported a 
branch bearing fruit of a more oblong shape, which ripens later 



Fio. 47 

A ^ The pear variety Fertility 2n = 34, and “ B ” its tetraploid hud-sport 2n = 68. 

than May Duke. We have also observed striking colour-sports in 
Late Duke and Archduke. Mr. W. F. Seabrook has recently sent 
us fruits and flowers of a bud-sport of tlie pear Fertility which 
occurred on his nurseries at Boreham, Essex. This sport has 
much larger fruits than the original variety (see Fig. 47). Our 
colleague, Dr. P. T. Thomas, has cytologically examined this new 
giant form of Fertility and found it to be tetraploid 2n = 68. The 
original Fertility is diploid 2n=34. Shamel (1937) describes a 
bud mutation of the pear Winter Nelis which has much larger 
fruits than the type. This mutation is presumably the result of 



Fig. 48 

Tubers obtained from two halves of one potato of the variety Golden Wonder. A*, from the control half tuber. All 
tj'pically Golden Wonder, thick, brown russet -skinned tubers. A^, from the treated half, eyes removed. All thin, 
white, smooth -skinned tubers characteristic of the yariety Langworthy (after Crane). 
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a gene change, as it has the same chromosome number, 2n =34, 
as the type. In the same publication Shamel also refers to a 
large-fruited bud mutation of the pear variety Bartlett, which 
appears to have resulted from somatic chromosome doubling, the 
type being diploid and the mutation tetraploid. 

In potatoes a number of sports are known (see Salaman, 
1 930 ; and Asseyeva, 1927) ; the latter has experimentally demon- 
strated the chimerical composition of several varieties. For 
example, by removing the eyes of the tubers and causing buds to 
form from internal tissues, Asseyeva found that the American 
variety Noroton Beauty, which has mottled tubers, gave the 
variety Triumph, which has self-coloured red tubers ; and the 
variety Tchugunka, which has blue flowers and purple tubers, gave 
LTnstitut de Beauvais, which has white flowers and white tubers ; 
just as Bateson found root-cuttings of the pink-flowered Bouvardia 
Bridesmaid gave the red variety Hogarth. Recently (Crane, 1936) 
we found that the potato Golden Wonder ”, a variety with 
tubers having a thick brown russet skin, is a periclinal chimaera 
with a core of the variety “ Langworthy ” which has tubers with 
a thin white smooth skin (see Fig. 48). In addition to the russet 
character of the tubers, these varieties also appear to differ in 
certain physiological characters. Lang worthy is generally con- 
sidered to give a higher yield, and to be more floury when cooked 
than Golden Wonder. 

(yolour-sports in Chrysanthemum, Tulipa, Dahlia, Coleus and 
many other flowers are common. Lawrence (1931) has suggested 
that some of the colour-sports in Dahlia, are the result of a chromo- 
somal change. Stout (1915) has shown that new varieties of 
Coleus can be established by the selection of somatic variations. 
Sports affecting such widely different characters as dwarf-bush and 
tall-climbing habit are numerous in roses. The tall-climbing form 
of the rose Mrs. W. J. Grant invariably gives a proportion of the 
dwarf-bush form when asexually reproduced by budding. From 
buds taken from the climbing form of this rose we raised thirty- 
two plants, of which twenty-six were tall-climbing and six dwarf- 
bush plants. As we have previously mentioned, the sterile 
diploid Primula kewensis sported a fertile tetraploid branch, and a 
similar increase in chromosome number is easily induced experi- 
mentally in the tomato. 

Bud-sports affecting the colour of the flower in roses are also 
common, especially in varieties of Rosa polyantha. The variety 



VIII BUD SPORTS, VARIATIONS AND FLUCTUATIONS 179 

“ Paul Krampel which has scarlet flowers, has sported two forms, 
one having crimson and the other pink flov ers. From a chemical 
examination of the pigments involved, Scoid-Monerieff (1936) 
found that the normal scarlet flovers v/ere deeply pigmenti^d with 
pelargonin and some flavone, whereas in the two sports cyanin 
took the place of pelargonin. The pale pink flowers iiad a smaller 
amount of anthocyanin than either the scarlet or crimson flowers, 
but a proportional increase in flavone concent. 

The foregoing account of somatic variation in plants i;'' far 
from complete. Numerous other differences affecting the size 
and form of flowers and leaves, habit of growth, season of maturity 
and other characters hav^e been recorded, and only a comparatively 
few examples of different types have been selected to indicate the 
variety of characters and the wide range of plants affected by 
bud -sports. 

From a survey of the occurrence and behaviour of somatic 
variation in plants it appears possible to make the following 
generalisations : (1) Heterozygous individuals are more likely to 
show somatic variations than those which are homozygous. (2) The 
longer and more widely an individual is grown as a clone the 
greater will be the opportunity for somatic variations to occur. 
(3) In addition to obvious morphological and external character, 
somatic variations may also affect various ph\"siological processes, 
resulting in differences in yield, fertility, quality and other 
characters which are not readily discernible. (4) Somatic varia- 
tions appear to be more frequent in polyploid than in diploid 
plants. Hence in such genetically complex and vegetatively 
reproduced horticultural plants as the apple, dahlia, chrysanthe- 
mum, etc., it is evident that conditions are favourable for the 
occurrence of vegetative variations. 

In certain variegated plants such as Abutilon Thomsonii the 
variegation is transmissible by vegetative means. In this and 
similar cases the variegation appears to result from a pathological 
condition, and when a normal green scion is grafted on to a 
variegated stock the variegation is transmitted to the scion. 
The phenomenon known as “ breaking ” in tulips, whereby 
flowers originally self-coloured suddenly become striped or 
splashed, also appears to be pathological, and recent investiga- 
tions by Cayley (1928) and M‘Kenny Hughes (1930-31) show 
that breaking in tulips is transmissible both by grafting and by 
insects. 
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Somatic Variations and Plant Breeding 

The reproductive cells of the flowering plants are generally 
formed from the sub -epidermal cells, and consequently when 
periclinal plants are fertile their progeny reproduce only the 
characters of the species or variety of which the sub-epidermal 
layer is composed. To demonstrate the significance of this to the 
plant-breeder reference may be made to an experiment of Clausen 
and Goodspeed (1923). These investigators crossed two varieties 
of Nicotiana Tabacum ; one, purpurea, with carmine flowers, and 
the other, Cuba, with white flowers. Colour is dominant to white, 
and the r 2 generation approximates to the dihybrid expectation : 
nine carmine ,: three pink : four white. In the Fi generation 
200 plants were raised, and all had carmine flowers except one. 
This exceptional plant was divided into two portions, one having 
carmine flowers, and the other light pink flowers. A genetic 
analysis of the two portions of the chimaera was made by appro- 
priate breeding investigations, and the following summarises the 
results obtained (Table XXVIII) : 

TABLE XXVIII 


i 

j Parents 

(’arrnine 

Pink 

White 

Total 

j 

! Carmine selfed 

18 

13 

39 

100 

Pink selfed 

50 

13 

31 

100 

j Expectation 9 : 3 4 

5&25 

1873 

23 

100 

Back -crosses : 





White X Carmine 

54 

29 

64 

147 

White X Pink . 

40 

37 

72 

149 

Expectation 1 \ 1 \ 2 

37 

37 

74 

148 


The above results show that the change resulting in the production 
of the pink-flowered variation, or bud mutation, did not involve 
the sub-epidermal layer from which the germ-cells — the ovules and 
pollen — are derived. Plants were raised from stem-cuttings from 
both portions of the chimaera, and the two clones raised were 
uniform for carmine and pink flowers respectively. Plants were 
also raised from root-cuttings of both the carmine and pink clones, 
and the plants obtained from all produced only carmine flowers. 

The fact that in breeding the pink flowers behaved in the same 
way as the carmine flowers, and that the root-cuttings of the 
pink-flowered sport all bore carmine flowers, proved that the pink 
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bud-sport was duG to a changG iii the GpidGrmal layor only. 
Since such variations do not penetrat^'' as far as the germ tract 
they are entirely dependent npon vegetative reproduction for 
their continuance. 

In the same way self-fertilisation of the white-margined 
Pelargonium zonale and other albo-marginate plants with .a white 
sub-epidermis can only produce white seedlings, and plants raised 
endogenously from root-cuttings are wholly green. Similarly in 
the reversed condition, green over white plants give all green 
seedlings when selfed, and plants raised from root-cuttings are 
wholly white. Occasionally a variegated or exceptional white 
seedling occurs, and is attributable to an incomplete periclinal 
condition of the parent. McIntosh (1927) states that the russet 
character of the tubers of Golden Wonder and certain other 
varieties of the potato is not inherited. This behaviour is 
explicable on the assumption that they are periclinal chimaeras 
and that the russet character is genetically confined to the outer 
layer. Breeding results show that the Pink Currant is also a 
chimaera of this kind, as a family of thirty -six plants which we 
raised from selling this variety all had yellowish white fruits 
similar to certain varieties of the so-called white currant. 

In many fruits and flowers bud-sports with an intensification 
of colour are fairly common. If such an intensity is the result of 
a cjhange in the epidermal layer only, it would not be inherited 
and passed on to its offspring. Should, however, the change be 
associated with the second or sub-epidermal layer it would be 
inherited. 

Fluctuating Characters 

As we have already indicated, fluctuations affect many 
characters, and are often liable to be confused with variations. 
Investigations have shown that in fruits the rootstock alone 
markedly influences such widely different characters as colour of 
fruit, size of tree, habit of growth, season of maturity and period 
of flowering (Hatton and Grubb, 1926 ; Rogers, 1927 ; Hatton, 
1930). 

The investigations of Kikuchi (1930) on the skin colour of the 
Japanese pear bear upon the problem to which the occurrence of 
fluctuating characters gives rise. According to this author, the 
surface of the fruit of the Japanese pear can be classified into four 
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groups as follows : (1) the constant russet brown, (2) modifiable 
russet brown, (3) intermediate and (4) pure green. The constant 
russet-brow^ varieties always remain russet-bfown, but the 
modifiable varieties fluctuate according to conditions. Under 
dry conditions of climate the russet character of these latter 
varieties is less pronounced than it is under moist conditions. 
Kikuchi found that the russet character in these fruits is deter- 
mined by two genes which he designated R and I, and it may be 
significant that the modifiable forms proved to be the double 
heterozygous type Rrli. The other three forms are not affected 
by climatic conditions, and are all homozygous for at least one, 
and some for both pairs of factors. 

In many varieties of apples the degree of russetness fluctuates 
widely, and it may be that such varieties are heterozygous, and 
that the real russet varieties such as Golden Russet are less hetero- 
zygous or even homozygous for the factors concerned. One is 
further led to reflect on the possibility of a similar heterozygous 
constitution being involved in other fluctuating characters ; and if 
so, whether this may not account for the greater response of some 
varieties to the influence of a certain type of soil or of a particular 
rootstock than others. 

Often the height and habit of plants and the colour of flowers 
and fruits is influenced by temperature and other climatic con- 
ditions. It is a common observation that a cool temperature 
intensifies colour, whereas in a high temperature the colour of 
many flowers is lessened. For example, the delicate pink varieties 
of Primula sinensis have moderately deep -pink flowers when 
grown in a cool greenhouse, but the flowers are much paler when 
grown in considerable heat. 

The normal conditions of soil and climate are more favourable 
to the growth of certain plants in some localities than in others, 
and in many cases horticultural operations such as thinning, 
disbudding, manuring, etc., increase the size of flowers, fruits and 
vegetables far beyond their normal size. Such enhanced size is, 
however, entirely dependent upon the continuance of the cultural 
operations and conditions, and when these are withheld the plants 
soon revert to their normal size and characteristics. 
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INCOMPATIBILITl 

The occurrence of sexual incompatibility is widespread through- 
out the plant kingdom, and is due to the failure of the pollen, 
although functional, to grow down the style and effect fertilisation. 
The horticulturist who is concerned with the sexual reproducition 
of plants, for example the seedsman and plant breeder is in some 
respects more affected by the occurrence of incompatibility than 
are the nurseryman and fruit-grower, whose interests lie mainly 
in the asexual reproduction of plants. Nevertheless the frequent 
occurrence of incompatibility in fruit trees has seriously to be 
considered by the fruit-grower, for although fruit trees are invari- 
ably reproduced by vegetative means, the fruit itself results from 
the sexual process. Indeed, the practical problems to which 
incompatibility gives rise are often more acute in plants subjected 
to wide vegetative reproduction than in those raised sexually. 
For example, in the sweet cherry self-incompatibility is the rule 
and cross -incompatibility common. Such widely grown and 
important commercial cherries as Early Rivers, Black Eagle, 
Knight’s Early Black, Bedford Prolific and Baumann’s May are 
completely self- and cross-incompatible. That is to say, the 
pollen of any one of these varieties is unable to fertilise its own 
ovules, or the ovules of any of the varieties mentioned, and since 
the formation and development of the fruit is dependent upon 
fertilisation the young unfertilised fruits fall from the trees at a 
very early stage. A knowledge of suitable varieties to interplant 
so as to provide for effective cross-pollination is therefore of 
paramount importance to the practical man. 

(Self-incompatibility is frequently referred co as self-sterility 
an^ cross -incompatibility as cross-sterility. It may be pointed 
out, however, that when dealing with incompatibility we are not 
concerned with sterility in the strict sense of the word, as in the 
former case both the pollen and the ovules — or at least a good 
proportion of them — are functional. J The failure to obtain fruit 
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or ^eed from self- or cross-incompatible pollination is due to the 
/arrest of pollen-tube growth in the stylar tissue. Hence the pollen 
tubes fail to reach the ovary and fertilisation cannot take place. 
On the other hand, in compatible pollinations, although the same 
pollen and ovules (in different combinations) may take part, the 
pollen tubes travel the full length of the style, the male and female 
nuclei fuse, and the fertilised ovaries develop fruit and seeds. 

The terms “ self-sterile ’’ and cross-sterile ’’ are thus better 
confined to sterility which arises from defective pollen and ovules, 
and other aberrations as described in a later chapter. 

The phenomenon of incompatibility has long attracted the 
attention of biologists. Ea gt (19291 states : ''The somewhat 
cursory examination of the literature that I have made has 
yielded a list of 176 self-sterile species, representing fifty-five 
families and including both monocotyledons and dicotyledons”. 
Correns (1912-13), working with Cardamine and Linaria, first 
applied the methods of genetic analysis to the problem. He was 
followed by a number of investigators, amongst whom East and 
his collaborators (1925-26) working with Nicotiana, Lehmann 
(1926) with Veronica, and Sirks (1926) with V erbascum, after 
many years of extensive experiments arrived independently at 
conclusions which are fundamentally the same. 

The above investigators’ experiments have shown that in- 
' compatibility is determined by genes, just as are morphological 
characters, and following East’s terminology these genes desig- 
nated by the letter S form a multiple allelomorphic series. Si, S2, 
S3, etc. As in the case of other allelomorphs, any two of the above 
may be carried by a given plant. The essentjal feature ojf the 
genetic behaviour of incompatibility is that pollen cannot function 
liTthe style of a plant carrying the same incompatibility factors 
as the pollen. " Like repels like.” Self- and cross-pollination 
between individuals with the same genetic constitution with 
respect to incompatibility factors fail because either the pollen 
tubes grow so slowly that in normal cases they are unable to reach 
the ovules in time to effect fertilisation, or the growth of the pollen 
tubes is inhibited in the nutrient stylar tissue. Consequently 
groups of individuals occur within which all cross- and self- 
/pollinations fail. In Fig. 49 we have diagrammatically illustrated 
the behaviour of incompatibility in diploid planish Thus an 
individual of tHe constitution SiSg cannot be fertilised by Si or Sg 
pollen (Fig. 49a). On the other hand, in the cross 8182 x 8384 
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both S3 and S4 pollen can penetrate the style of the mother and 
effect fertilisation (Fig. 49 c). The oiTspring from such a cross 
will consist of •four intra-sterile inter fertile groups of the con- 
stitution S1S3, S1S4, S2S3 and S2S4. When a plant carryirg S1S2 
is pollinated with an S1S3 individual (Fig. 496 ), the S3 pollen alone 
functions and fertilises the Si and S2 ovules of the female plant, to 
give rise in the next generation to two intra-sterile inter-fertile 
groups of plants of the constitution S1S3 and S2S3. In this r^oss 
the Si pollen fails to function because tlie mother plant also carries 
Si- The SiS3 group will be reciprocally incompatible with the 
male parent as they are of the same genetic constitution with 



Fia. 49 

Diagram of pollen-tube growth in compatible and incompatible 
pollinations. (After Crane and Lawrence, 1929.) 

respect* to these physiological incompatibility factors. All other 
combinations between parents and Fi will be compatible. 

Previous to this genetic interpretation of incompatibility, 
Prell ( 1921 ), in a paper surveying the published work of others, 
had suggested a solution which closely accorded with the facts, 
but as a result of their extensive investigations in Nicotiana East 
and his collaborators were the first to provide conclusive evidence 
and advance a genetic interpretation of incompatibility. Brieger 
and Mangelsdorf ( 1926 ), also investigating Nicotiana, found a 
unique example of linkage between C, a colour factor, and in- 
compatibility factors. Their work substantiates the validity of 
East’s interpretation. 

Knowledge of the interrelation of self-compatibility and self- 
incompatibility is not so extensive, but East and Yarnell ( 1929 - 30 ) 




Fig. 50. — Eably Rivebs (Gboup I.) 

(At top of tree) 490 flowers self -pollinated, no fruit set. 226 flowers x Bedford 
Prolific (Group I,), no fruit set. 23 flowers x Black Eagle (Group I.), no 
fruit set. 140 flowers x Knight’s Early Black (Group I.), no fruit set. 
(Bottom of tree) 82 flowers x Late Black Big., 29 fruits set. 25 flowers x 
Waterloo, 14 fruits set. 60 flowers x Governor Wood, 19 fruits set. 43 
flowers X Early Purple Gean, 20 fruits set. 97 flowers x Big. Noir de Schmidt, 
43 fruits set, 75 flowers x Guigne de Winkler, 18 fruits set. A few of the 
matured fruits had fallen from this tree before it was photographed. (After 
Crane, 1925.) 





Fia. 51. — Bio, Napoleon (Gboup III) 

A = 258 flowers pollinated with Emperor Francis, no fruit set. B = 34 flowers 
self -pollinated, no fruit set. C= compatible pollinations, 164 fruits 

matured from 273 flowers pollinated, i.e. 86 flowers x Guigne de Winkler, 
42 fruits set ; 37 flowers x Big. de Schrecken, 19 fruits set ; 36 flowers x' 
Roundell, 19 fruits set; 60 flowers x Belle d’Orleans, 41 fruits set; 64 
flowers X Early Purple Gean, 33 fruits set. (After Crane, 1926 ) 


O 
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have shown that in Nicotiana there is a fertility factor Sf which is 
a member of the allelomorphic series. Plants having the constitu- 
tion SfSx, where Sx is any other factor of the series, such as Si, S 2 
or S 3 , wiU be self-compatible. Such plants, though heterozygous 
for incompatibility factors, will on selfing only give self-compatibles 
of the constitution SfSf and SfSx ; self-incompatibles SxSx fail to 
appear owing to the inhibition of Sx pollen. Following the same 
scheme self-compatibles crossed with self-incompatibles will give 
both self-compatibles and self-incompatibles in the proportion of 
1 : 1 or 2 : 1 according to the constitution of the self-incompatible 
plants-used. For example, as showm below, SfSi x S2S3 would give 
equality and SfSi x S1S2 two self-compatibles to one self- 
incompatible. 


SfSi X S]^S2 ^ S2S3 



Si 

S 2 

S 2 

S3 


S,Si 

SjS2 Sf 

SfS2 

S.Sa 

Si 

fails 

S1S2 S Si 

SiSa 

S1S3 


Anderson and De Winton (1931), also working with Nicotiana^ 
found another allelomorph Sp which is able to inhibit the pollen 
tubes carrying the Si factors. In Antirrhinum and Petunia there 
is a dominant self-fertility gene. In Antirrhinum it is not allelo- 
morphic with the incompatibility genes of the S series, and in 
Petunia (Tseng, 1938) the present evidence is not sufficient to 
show whether it is allelomorphic or independent. The physio- 
logical action of independent genes often modifies the action of the 
S genes and gives rise to complications, and in some plants the 
hereditary behaviour of incompatibility seems not to be subject 
to simple interpretation. For example in Brassica oleracea 
capi^a^^Kakizaki (1930) concludes that in addition to inhi bitory 
genes of the Nicotiana type, genes stimulating pollen -tube growth 
"also occur, and he postulates a theory which involves an allelo- 
morphic series of inhibiting genes S 2 , etc., and another series 
of stimulating genes Tij T 2 , etc. The S series is epistatic to the 
Tjeries, but T in double dose is mqreja^^^ than S in single dose. 
Thus a pollen-tube carrying an S gene which is also present in the 
style in heterozygous condition, is compatible if it also carries a 
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T gene for which the style is homozygous.^ However, in most of 
the plants so far investigated, self- and (;roiSs-incompatibility con- 
form to the oppositional factor hypothesis described in Nic otiana, 
and as we discuss later, certain plants which originally appeared 
not to be in agreement with the scheme fall into line when their 
po^ploid constitution is considered. 

(jThe studies of numerous investigators have shown that the 
physiological basis of incompatibility in the higher plants is the 
relation between the male gametophyte and female sporophytic 
tissue. The precise time at which tUe incompatibility reaction 
occurs varies witli different species. This is presumably due to 
the reaction occurring in different parts of the female structure, 
e.g. stigma, style, integuments J Sears (1936) made the following 
classification according to when the inhibition of pollen-tube 
growth or the incompatibility reaction occurs. 

Group I. Before the pollen germinates. Brassica oleracea, 
Raphanus sativics. Pelargonium hortorum^ Secale cereale. 

In these plants the germination of the pollen is suppressed, or 
a few tubes may be produced but their growth is inhibited soon 
after they penetrate the style. 


Group II. While the pollen is growing in the style. Petunia 
violacea, Abutilon hybridum, Nicotiana Sanderae, Linaria 
retidulata, Ne7nesia strumosa, Tolmiea Menziesii. 

In these plants the incompatible pollen tubes are arrested in 
the stylar tissue, some only penetrate a short distance, but others 
grow nearly to the bottom of the style. In Nemesia a few tubes 
may reach the ovary and their tips protrude into the ovarian cavity. 
In Tolmiea, a few ovules are fertilised, but Sears states that the 
number fertilised is too small to prevent abscission of the ovary. 


Group III. When the pollen-tube reaches the ovary. Gasteria 
verrucosa. 

In this plant incompatible tubes grow as fast as compatible 
tubes and effect fertilisation, but the incompatibly fertilised ovules 
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degenerate at the same time as unfertilised ovules. According to 
Sears, self-incompatibility of this type is rare in the plant king- 
dom. Ledeboer and Rietsema (1937) have described a case of 
sterility in currants which seems to be very similar to the Oasteria 
type. 

Incompatibility has been the subject of investigation in many 
horticultural plants. In addition to the plants already mentioned, 
it has been reported upon, amongst others, by Andersson-Kotto 
(1931) in Dianthus, Lawrence (1931) in Dahlia, Kakizaki (1930) in 
Brassica, Compton (1912-13) in Reseda, Stout (1918-21) in 
Cichorium, Lilium and Hemerocallis, Moore (1917) in Tradescantia, 
Terao (1923), Yasuda (1929) in Petunia, Tuft and Philps 
(1922) in almonds, Riley (1935) in Nemesia, Schuster (1924) in 
filberts and by numerous investigators in plums, cherries and 
apples. 

In a series of publications Crane (1923-25-26-27), Crane and 
Lawrence (1929-30a and b, 31a), we have reported upon the 
occurrence and behaviour of incompatibility in cherries, plums and 
apples. In the sweet cherry, Prunus avium, all the varieties we 
have tested have proved to be self-incompatible, and the majority 
of our established varieties we have found to belong to groups 
within,which all self- and cross-pollinations fail (see Figs. 50 and 
51). The varieties and the incompatible groups to which they 
belong are detailed in Table XXIX. The positive sign + shows 
the compatible and the negative sign — the incompatible com- 
binations. 

Since Table XXIX was prepared we have investigated further 
varieties and found that Black Circassian, Leicester Black and 
Ronald’s Heart are additional varieties in the first group, and 
Late Amber and West Midlands Bigarreau additional varieties in 
the fourth group in the table. Cryall’s Seedling and Guigne 
d’Annonay are co-incompatibles and belong to a new group, i.e. 
Group XI. 



TABLE XXIX 


B^dkrd Avlif^e 

Eag/* 

Btk TSrr^ar/an A 
Bik Tartat^isn 'S’ 

Ettr/u Rtvtrs 

Eouade/i 
Baumanns Mag 
Stack Donfaton 
SckrrcAen Btfdc 
Ft^ogmarc Big 
Gacgnt oV n't ft k ter 

tVater^oo 

C/t*Ster BUcfe , 

Stack AfesrAB 
Stack Et Con 
VtCtorta Stack 
\>Vinetsor k 
Napoteon 
Meza /A 
£ mp. Francis 
White Bie 
Benttsk 3ig 
Ludwt^s 

lateSlkB' 
Sokemian 3tk'A'*t\ 

Tturkeu t/eart A'a'C 
ftton 
Gov tVood 
a tar As Coid 
Bedetf/ngen 

Alezet'B' 

/fotr de‘ Schmidb 
St^gy El vers 
Ursula El vers 
Red Turk 
Stack TarCarian '3\ 
Ja bout ay 
Bette d 'Orleans 
Black Heart 
Btk Tartarian E 
31 k Oltver , , 

Sokemian Blk P \ 
Early Purple^ 
Florence 'C' 

G d' Ann onay 
Goodnisione Blk 
Hobie 

Afoir de Guben. 
Smoky Bunn 
WkitiHeart 
vannison Big 
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The gross totals of (a) self-pollinations, (b) cross-incompatible 
pollinations and (c) cross-compatible pollinations made between 
the varieties in Table XXIX and the results obtained are summar- 
ised on Table XXX. 


TABLE XXX 

Cherries : Summary of Pollinations 



No. of Flowers 
pollinated 

No. of Fruits set 

Percentage set 

Self-pollinations 

34,717 

36 

0-10 

Cross - incompatible pollina- 




tions .... 

30.873 

48 

0-15 

Cross - compatible pollina- 




tions .... 

96,671 

24,977 

26 06 


In this and all subsec|uent summaries number of fruits set ” 
means the number which reach maturity. 

As shown in Table XXX, a few fruits have been obtained both 
from selfing and from cross-incompatible pollinations. We have 
evidence that in the incompatible combinations as a rarity a 
pollen tube travels the full length of the style and effects fertilisa- 
tion. This would account for the occasional fruits which have 
been obtained from incompatible combinations.^ 

Breeding results with cherries accrue slowly, but as far as our 
results go they are in agreement with the genetic interpretation 
previously detailed. For example, when we crossed two varieties 
possessing one factor in common, namely Bigarreau de Schrecken 
(S1S3) with Governor Wood (S1S4), we found that the immediate 
offspring consisted of two intra-sterile inter-fertile groups, one of 
which fails with its male parent. Governor Wood, as shown in 
Table XXXI. The results obtained both in established varieties 
and in their offspring indicate that in the sweet cherry incom- 
patibility is an orderly phenomenon, general throughout the 
species, and always reciprocally expressed ; that is to say if A fails 
with B, it follows that B will also fail when pollinated with A. 

^ In certain self -incompatible forms of Nicotiana East has obtained some 
seeds from pollinating flowers in the bud stage and also from flowers late in the 
season of growth, from self-pollinations. Such seeds give rise to plants either 
of the same genetic constitution as the parent, o.g. Sj S^, or homozygous plants, 
e.g. $1 S, or $2 Sg. Those of the same constitution reciprocally fail with the 
parent. The homozygous derivatives are effective when used as females, but 
fail when used as males in pollinations with the parent. This phenomenon was 
called “ pseudo -fertility ” by East and Park (1917) and presumably it occurs 
as a rarity in the sweet cherry. 
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Plums and Damsons 


The results of our investigations at Merton show that we can con- 
veniently classify our varieties of the domestic plum as follows : — 

(1) The varieties which are completely self-incompatible and 
which entirely fail to set fruit with their own pollen, namely : 


Allgrove’s Superb 
Bryanston Gage 
Coe’s Golden Drop 
Coe’s Violet 
Comte d’Althan 
Crimson Drop 
DeCaisne 
Early Greengage 
Frogmore Damson 
Grand Duke 
Jefferson 
Kirke’s Blue 


Late Orange 
Late Orleans 
Mallard 

McLaughlin’s Gage 
Old Greengage 
Pond’s Seedling 
President 
Primate 
Prune d’Agen 
Transparent Gage 
White Damson 
Yellow Magnum Bonum 


(2) Those varieties which are only partially self-compatible and 
are incapable of producing a satisfactory crop with their own 
pollen. In this class there is considerable variation ; some set 
very few fruits, while others set a moderate crop when selfed, but 
all produce heavier yields when crossed with compatible varieties. 
The following are varieties in this class : 


Belgian Purple 
Blue Rock 
Cambridge Gage 
Cox’s Emperor 
Early Favourite 


Early Orleans 
Farleigh Damson 
Heine Claude Violette 
Rivers’ Early Prolific 
Utility 


(3) Those varieties which are completely self-fertile and which 
develop full crops when self-pollinated : 


Blaisdon Red 
Czar 

Denniston’s Superb 
Early Mirabelle 
Early Transparent 
Gisborne's 
Golden Transparent 
Goliath 
Guthrie’s Late 
King of the Damsons 
Laxton’s Gage 


Monarch 

Oullin’s Golden Gage 
Pershore 
Prince of Wales 
Prosperity 
Prune G^ante 
Purple Pershore 
Heine Claude de Bavay 
Victoria 

White Magnum Bonum 
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The following are the only cross-incompatible pollinations we have 


found in established varieties of plums : 


Group I 

Group II 

Group III 

Allgrove’s Superb 

Late Orange 

Blue Rock 

Coe’s Golden Drop 

President 

Rivers’ Early Prolific 

Coe’s Violet 

Cambridge Gage 

Crimson Drop 
Jefferson 

Old Greengage 



The varieties in Group I are completely self- and cross- 
incompatible. Late Orange and Piesident in Group II are 
reciprocally incompatible, but they set a full crop when poUinated 
by Cambridge Gage and Old Greengage. Cambridge Gage and 
Old Greengage, however, fail when pollinated by President and 
Late Orange. Rivers’ Early Prolific when pollinated by Blue 
Rock sets a full crop of fruit, but from the reciprocal pollination 
only a small proportion of fruit is obtained. 

The total results we have obtained from pollinations in the 
above varieties of plums are summarised in Table XXXII, and 
examples of incompatibility and compatibility arc shown in Figs. 
52, 53 and 54. 


TABLE XXXII 

Plums : Summary of Pollinations 



No. of Flowers 
pollinated 

No. of Fruits set 

Percentage set 

Incompatibles — selfed 

26,169 

30 

01 

Incornpatibles — crossed 

9,289 

34 

0-3 

Partial compatibles — 

Selfed .... 

45,716 

1,072 

2-3 

Crossed .... 

3,471 

84 

2-4 

Compatibles — selfed . 

39,034 

8,360 

21*8 

Compatibles — crossed . 

60,586 

17,415 

28-7 


It will be observed that, compared with the sweet cherry, not 
only are the results in plums much more complex, but fewer groups 
occur, and those found include self-incompatible, self-compatible, 
partially self- and cross-compatible, cross-compatible, cross- 
incompatible and reciprocal differences involving both partial and 
complete incompatibility. The degrees of fertility, reciprocal 
differences and the complexity of the results in plums are un- 
doubtedly due to their hexaploid constitution and manner of 



Fig. 52. — Coe’s Violet 

A -pollinated with Jefferson, B = self -pollinated. C — pollinated with 
Bryanstone Gage. About four weeks after pollination, showing that 
the fruits pollinated with Bryanstone are larger than the others. 
Note the primary development of the fruits which were self-pollinated, 
and cross-pollinated with Jefferson. (After Crane, 1926.) 



Fig. 53. — Coe’s Violet 

The same tree as Fig. 52 at a later stage, showing the final result; fruit only 
on the branches cross -pollinated with Bryanstone Gage. Nothing set with 
own pollen, nor with the pollen of Jefferson. (After Crane, 1926.) 




Fig. 54. — Victoria Plum, self -pollinated. 

Number of aowers on tree, 609. Numberof fruits set and matured, 196 = 32-1 
per cent. (After Crane and Lawrence, 1929.) 


CHAP. IX 


INCOMPATIBILITY 


199 


chromosome pairing. In a diploid, such as the sweet cherry, each 
gamete carries but one incompatibility factor, and no plant 
produces more than two types of gametes. In a hexaploid, 
however, each gamete may carry three incompatibility lactors, 
and the number of gametic types will be greatly increased. A 
greater variability in the behaviour of incompatibility is therefore 
to be expected in polyploid plants, and the chances of individuals 
of similar constitution meeting to form incompatible groups is 
correspondingly lessened. An examination of our results shows 
that incompatibility is not so common in the hexaploid plums as 
in the diploid cherries, and even less frequent in th(* even more 
complexly polyploid apples. 

The different results which occur in certain reciprocal pollina- 
tions in plums are undoubtedly directly attributable to their 
polyploid constitution, and to the multiplicity of the factors 
concerned. For example, taking plants less complex than plums, 
namely two tetraploid plants of the constitution S1S1S2S3 and 
S1S1S2S2, it is probable that they would present different in- 
hibiting effects to S2S3 pollen, and it is conceivable that the plant 
carrying S3 might be effective when used as male, whereas in the 
reciprocal cross the gametes of the male, since they do not carry 
any factors different from those of the female, might be expected 
to fail. 


Verbascum 

The jvork of Sirks ( 1926 ) on Verbascum pJioeniceum may be 
mentioned here. Sirk’s results could not be directly explained by 
the oppositional-factor hypothesis, so he put forward a modifica- 
tion of the theory whereby Sj pollen was incompatible with or 
S2 styles but S2 pollen functioned in Si styles. Although Sirks ’s 
scheme explained the facts quite well, Lawrence ( 1930 ) pointed 
out that a duplicate factor scheme gave an even better fit. 
Multiple series of duplicate factors would be expected in an alio- 
tetraploid. Comparison between the chromosome numbers of 
Verbascum phoeniceum and twelve other species of Verbascum 
show that phoeniceum is a tetraploid ; and the behaviour of its 
chromosomes at meiosis strongly suggests that it is an allo- 
tetraploid. With autosyndetic pairing, each gamete would carry 
two incompatibility genes which may be denoted as S and Z, and 
on the assumption that only pollen will function which carries 
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one or two genes unrepresented in the female sporophyte there is 
a good agreement between theory and results. Thus Si fails in 
an Si or Zi Style but S 2 or Zg grows down an Si or Z] style. 

Apples 

We have investigated over fifty varieties of apples, and among 
them varying degrees of incompatibility occur. The results we 
have obtained from self-pollinations are detailed in Table XXXIII. 

The results we have obtained from a number of cross-pollina- 
tions are summarised in Table XXXIV, page 202. Only two 
varieties -have entirely failed upon selling and four on crossing. 
The imperceptible gradations of compatibility which occur in 
apples are at the present time beyond a detailed analysis, but 
nevertheless the results present features of genetical interest. It 
may be recalled that recent cytological studies have shown that 
our cultivated apples and pears have an exceptionally complex 
chromosome constitution, and it is doubtless due to this com- 
plexity that we find a corresponding complexity in the behaviour 
of incompatibility in this group. The rare occurrence of cross- 
incompatibility in apples is noteworthy. Since incompatibility 
is determined by like factors failing to meet like, it follows that the 
more complex the polyploidy the less frequently will incompati- 
bility occur, as the chances of individuals of similar constitution 
meeting to form incompatible groups are considerably reduced. 
The decreasing frequency of cross-incompatibility in cherries, 
plums and apples is therefore in accordance with genetic expecta- 
tion, as shown in Table XXXV, page 203. 

Pears 

In a recent paper Rawes (1933) has shown that of ninety-eight 
varieties of pears which he has investigated, twenty -two proved 
to be self-compatible, thirty-four partially self-compatible and 
forty-two self-incompatible. The work of Hooper (1933) has also 
shown that in pears self-incompatibility both complete and in 
degree is common. 

In preliminary investigations at Merton our colleague Dr. A. A. 
Moffett has found that out of sixteen varieties he has examined 
five are triploids with fifty -one chromosomes. These are Pit- 
maston Duchess, Beurr6 Diel, Beurr6 d’Amanlis, Uvedale’s St. 



TABLE XXXIII 

Apples : Results pkom 8elf -Pollinations 


VarielV 

No. of Flowers 
jullinated 

No. of Fruits 
matured 

i 

Per 3611 tage 
matured 

Gascoyne’s Scarlet . 

47 

0 

0 

Grimes’ Golden 

36 

0 

0 

Royal Jubilee .... 

1,017 

1 

009 

Brownlees’ Russet . 

618 

1 

0*16 

Northern Greening . 

940 

2 

0-21 

1 Margil ..... 

1,352 

4 

0 29 

Blue Pearmain 

436 

3 

0*67 

1 Mother ..... 

284 

2 

0*74 

Cox’s Orange Pippin 

12,680 

96 

0-74 

Northern Spy .... 

3,306 

25 

0-7.5 

Duke of Devonshii’e 

229 

2 

0-87 

Encore ..... 

334 

3 

0-87 

Duchess’ Favourite . 

334 

3 

0-87 

: Newtown Pippin 

211 

2 

0-94 

Lady Sudeley .... 

197 

2 

1-01 

1 King’s Acre Pippin . 

370 

4 

1-09 

i Newton Wonder 

454 

5 

1-1 

Ellison’s Orange 

514 

6 

1-16 

Blenheim Orange 

2,110 

27 

1-27 

! Worcester Pearmain 

858 

12 

1-3 

Egremont Russet 

440 

6 

1-36 

Rival ..... 

215 

3 

1-39 

! McIntosh Red 

202 

3 

1-48 

; Lane’s Prince Albert 

3,699 

57 

1-54 

Beauty of Bath 

1,795 

30 

1-6 

1 King of the Pippins 

522 

10 

1-9 

; Norfolk Beauty 

210 

4 

1*9 

i Orleans Reinette 

1,018 

20 

1-9 

Annie Elizabeth 

294 

6 1 

20 

Lord Derby .... 

701 

14 ! 

2-0 

St. Edmunds Russet 

1,077 

23 

2-13 

Peasgood’s Nonsuch . 

173 

4 

2-3 

1 Grenadiei: .... 

2,50 

6 

2-4 

, Charles Ross .... 

324 

8 

2-46 

Bismarck .... 

180 

5 

2-7 

Gulden Spire .... 

2,457 

79 

3-2 

i Laxton’s Superb 

238 

9 

3-78 

1 St. Everard .... 

481 

19 

3-9 

Crimson Bramley 

616 

25 

4-05 

Lord Grosvenor . ' . 

250 

11 

4*4 

, Ribston ..... 

559 

25 

4-47 

Rev. W. Wilks 

1,528 

69 

4-51 

! Gennet-Moyle .... 

64 

3 

4-6 

Bramley’s Seedling . 

1,269 

61 

4-8 

Washington .... 

1,232 

6;> 

5-1 

Sturmer Pippin 

135 

7 

5-2 

Antonowka .... 

388 

28 

7-2 

Baumann’s Reinette 

226 

17 

7-5 

Stirling Castle 

1,631 

131 

8-0 

Cellini Pippin .... 

160 

14 

8-7 

Coronation .... 

143 

19 

9-6 
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Germain and Catillac. The remaining eleven are diploid kinds, 
viz. : Conference, Beurre Giffard, Buerre Clairgeau, Durondeau, 
Dr. Jules Ouyot, Fertility, Buerre Superfin," Beurre Hardy, 
Marguerite Marrilat, Williams’ Bon Chretien, and Doyenne du 

TABLE XXXTV 


Apples: Results from Cross- Pollinations 


Varieties 

No. of 
Flowers 
pollinated 

No. of 
Fruits 
matured 

Percentage 

matured 

Beauty of Batli x Oolden Spire . . . . . 


157 

11 

70 


„ X Norfolk Beauty 


106 

12 

11*3 


x Rey. W. Wilks 


75 

9 

120 

Charles Ross x Ellison's Orange . . , . , 


28 

3 

12-8 

Cox’s Orange x Antonowka . . . . . 


108 

7 

6-7 


X Baumann’s Reinette . 


88 

4 

4-5 


X Coronation .... 


155 

9 

5-8 


X Charles Ross .... 


18 

1 

5-5 


A Egremont Russet 


67 

10 

13-4 


x Ellison’s Orange 


281 

15 

5-3 


x Golden Spire .... 


97 

8 

8-2 


X Herring’3 Pippin 


271 

14 

51 


X Lane’s Prince Albert . 


198 

20 

100 


X Laxton’s Superb 


569 

26 

4-5 


X Lady Sudeley .... 


425 

16 

3-7 


X Newton Wonder 


803 

17 

5'6 


X Peasgood’s Nonsuch . 


125 

11 

8*8 


X Rev. W. Wilks .... 


258 

17 

65 


X St. Everard .... 


160 

10 

6-2 


X Stirling Castle .... 


45 

7 

J5'5 


\ Stunner Pippin 


300 

26 

86 

Duche 

W Favourite < (Jox’s Orange . 


68 

4 

5-7 

Duchess of Oldenburg < Cox’s Orange 


60 

16 

26-6 


,, X Lord Derby . . . . 


88 

14 

15*9 

Ellison's Orange x Cox’s Orange . . . , 


366 

14 

3-8 

,, ,, X Laxton’s Superb . . , . 


100 

4 

40 

Gascoyne’s Scarlet x Cox’s Orange , . . . 


77 

14 

18-2 


,, X Norfolk Beauty . 


160 

10 

6-2 

Golden Spire x Cox’s Orange . . . . . 


70 

7 

100 


,, X Beauty of Bath .... 


61 

10 

16-4 


„ X Emneth Early .... 


105 

6 

5-7 


,, X Lane’s Prince Albert . 


24 

4 

160 


,, X McIntosh Red .... 


29 

7 

241 

Lane’s Prince A Ibert x Cox’s Orange ... 


711 

41 

5-7 


,, „ X Lord Derby . 


134 

8 

60 


,, ,, X Encore .... 


90 

9 

100 


,, ,, X Newton Wonder 


131 

8 

61 


,, ,, > Lord Grosvenor 


210 

35 

16-6 

Laxton's Superb x Cox’s Orange ... 


329 

13 

3-9 

,, 

,, X Ellison’s Orange . 


228 

11 

4-8 


„ X Rival ..... 


61 

16 

26-2 

Lady Sudeley x Cox’s Orange .... 


169 

23 

136 

Margil x Cox’s Orange ..... 


50 

7 

140 


X Egremont Russet .... 


186 

6 

3-2 

McIntosh Red x Cox's Orange .... 


137 

7 

5-2 


,, X Ellison’s Orange 


102 

8 

7-8 

Newton Wonder x Cox’s Orange ... 


270 

22 

81 


,, X Lane’s Prince Albert 


115 

6 

5-2 

Northern Greening x Royal Jubilee . 


126 

18 

14-3 

Peaagood’s Nonsuch x Cox’s Orange . 


33 

2 

60 

Royal Jubilee x Lane’s Prince Albert 


62 

10 

161 


,, X Northern Greening . 


70 

10 

14-2 

Stirling Castle x Cox’s Orange .... 


110 

7 

6-3 


,, X Lord Derby .... 


30 


33-3 

St. Eyerard x Beauty of Bath .... 


37 

4 

10-8 


X Cox’s Orange .... 


90 

3 

3-3 

St. Edmunds Russet x Cox’s Orange . . . . 


180 1 

24 

144 

,, 

„ X Egremont Russet . 


91 

10 

110 


,, X Brownlees’ Russet . 


81 I 

10 

12-3 

Stunner Pippin x Cox’s Orange , . . , 


234 

45 

14-9 

Worcester Pearmain x Cox's Orange . . . , 


177 

14 

7*9 
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Comice. Marguerite Marillat appears to be entire!}' sterile on its 
male side, at least after repeate^d examinations we have not found 
any good pollen on this variety. It is, however, perfecth^^ fertile 


TABLE XXXV 

Showing Invekse Corbelatton between Chromosome Number and 
Complexity and the Frequency of Complete Incompatibility 


1 

Chromosome Constitution 

Percentage of Varieties 
completely Self- 
incompatible 

Percentage of 
Varieties com- 
pletely f'roas- 
incoirpatible 

Cherries (2n) . 

100 

73 

Plums (6n) 

40 

13*5 

Apples — 



Diploid (3 X (j ^ 4 X 4) 

4*8 

4-8 

j Triploid (3 x 6 + 4 x 4)!! . 

0 

0 


on its female side, as when pollinated with Conference and 
Doyenne du Comice it has freely set fruit and seed. Further 
evidence of the male sterility of Marguerite Marillat is afforded by 
the results of Rawes (1933), who states : “ It is interesting to note 
that in one instance, Beurre Bedford pollinated with pollen of 
Marguerite Marillat, fruit has been set and developed apparently 
normally until some seven weeks after the time of pollination, but 
in three successive seasons the fruits formed have failed to mature, 
while on other branches of the same tree, flowers pollinated with 
pollen of other varieties have matured good fruits 

In Table XXXVI are given combinations of pears which have 
resulted in a high percentage of fruits set and matured. This 
table comprises Rawes’ (1933) results, and a number of our own 
results hitherto unpublished. 

As we have previously shown, many of our cultivated varieties 
of apples and pears are triploids and characterised by a high degree 
of sterility. Such varieties are dealt with in the following chapter. 
Among the diploid cherries, hexaploid plums and diploid forms of 
apples and pears varying proportions of defective pollen and ovules 
occur. But the degree of generational sterility m these forms is 
not sufficiently high to prevent a satisfactory yield. 

In concluding this account of the behaviour of incompatibility 
in plants, it may be emphasised that it is only the likeness of 
the particular physiological factors which determine pollen-tube 
growth, that constitutes incompatibility, e.g. the cherries Bigar- 
reau de Schrecken, Bigarreau Frogmore, Belle Agathe and 

p 
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Waterloo are all in the same incompatible group, although they 
differ widely in fruit colour and in many other respects. 

In some species of plants where self-incompatibility is the rule, 
cross-incompatibility has not been found to occur, e.g. Tolmiea 
Menziesii (Correns, 1928). 

TABLE XXXVI 


Pears : Effective Pollinations 


Variety 

Pollinators 

Beurr6 Bedford 

Brockworth Park, Conference, Doyenne 
du Comice, Laxton’s Superb I 

Beurre Diol . 

Conference 

Beurr^ Perran 

Louise Bonne of Jersey, Winter Nelis, 
Dr. Jules Guyot, Conference 

Conference . 

Dr. Jules Guyot, Louise Bonne of Jersey, 
Thompson’s, Doyenne du Comice, 
Beurr6 Bedford, Fertility, Beurre^ Giffard, 
William’s Bon Chretien 

Doyenn6 du Comice 

Beurr6 Bedford, Winter N61is, Fertility, 
Laxton’s Superb 

Durondeau . 

Conference, Louise Bonne of Jersey, Dr. 
Jules Guyot, Jargonelle, "Winter N61is, 
Souvenir du Congres, William’s Bon 
Chretien, Doyenn6 du Comice 

Emile d’Heyst 

Doyenn6 du Comice, Durondeau, Louise 
Bonne of Jersey 

Fertility 

Conference, Beurr6 Giffard, William’s Bon 
Chretien 

Jargonelle 

1 

Beurr4 Superfin, Souvenir du Congres, 
Thompson’s, Emile d’Heyst 

Louise Bonne of Jersey . 

William’s Bon Chretien, Beurr^ d’ Anjou, 
Doyenn6 d’Alengon, Jaigonelle, Confer- 
ence, Emile d’Heyst 

Marguerite Marillat 

Dr. Jules Guyot, Conference, Beurr6 Bed- 
ford, Doyenn6 du Comice, Durondeau, 
Thompson’s, William’s Bon Chretien, 
Winter N61is, Beurr6 Superfin 

Marie Louise 

Doyenn6 du Comice, Durondeau, William’s 
Bon Chretien, Conference 

Pitmaston Duchess 

i 

Doyenne du Comice, Conference, Marie 
Louise, Fertility 

Souvenir du Congres 

William’s Bon Chretien, Winter N^lis, Con- 
ference, Thompson’s, Louise Bonne of 
Jersey 

William’s Bon Chretien . 

Thompson’s, Durondeau, Marie Louise, 
Conference, Beurr6 Bedford, Clapp’s 
Favourite, Dr. Jules Guyot 
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Economic Aspects of Incompattbit ity 

The occurrencr, of incompatibility often impedes the progress 
of the plant breeder, and gives rise to a number of problems, 
but to the fruit-grower the practical implications are self-evident. 
It is imperative that he should make adequate provision for 
efficient pollination by interplanting varieties which flower at the 
same time and are known to be mutually compatible. In exist- 
ing plantations where trees, though in a healthy condition and 
flowering freely, consistently fail to yield satisfactory crops, it 
is probable that facilities for efficient pollination arc inadequate, 
and where this is suspected, trees of a known compatible variety 
should be introduced or, where more convenient, a proportion of 
the existing trees could be top-grafted with scions of a suitable 
variety. The present-day practice of planting comparatively 
few varieties and a large number of each calls for especial care 
in the selection of suitable varieties, particularly in cherries 
where cross-incompatibility is common. There is no reason why 
such highly self-compatible plums as Victoria, Early Trans- 
parent, Pershore, etc., should not be planted in large blocks ; 
but it is worthy of note that, as far as we know at present, the 
pollen of self-compatible kinds is always effective on self- 
incompatible varieties. Therefore if any self-incompatible varie- 
ties are to be grown, self-compatibles might advantageously be 
interplanted with them. 

The almost continuous variation of compjatibility in apples 
makes i^ difficult to make any precise statement, but the safest 
plan is to interplant all varieties. In this fruit and in pears a 
high degree of sterility is characteristic of many varieties, and 
the practical problems to which its occurrence gives rise are 
discussed in the following chapter. Most of our fruits are de- 
pendent upon insects, notably bees, for efficient pollination and 
the production of paying crops. It is probable that some planta- 
tions are more favoured than others by the visits of wild bees 
and other pollinating insects. Wild bees are frequently active 
during inclement weather, but over them we have little control, 
and unfortunately conditions which are favourable to their 
welfare are often inconsistent with present-day views of good 
culture and plant hygiene. Hive bees, however, can be kept in 
orchards, and since their presence may make all the difference 
between a light and a heavy crop, any trouble or expense involved 
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in their maintenance is likely to be well repaid, apart from their 
utility in providing honey. That bees travel a considerable 
distance is well known, but it should be remembered that they 
are after pollen and nectar and not primarily concerned with 
cross -pollination, and if there is a large batch of one variety 
abundantly supplying their need, there is nothing to induce 
them to do otherwise than work between the hive and this 
block. Judicious interplanting is therefore advisable, and large 
blocks of one variety should be avoided. 


Heterostylism 

In certain plants the relative length of the styles and stamens 
is found to vary in different individuals. For example in several 
species of Primula and Linum two kinds of flower occur, the 
“ thrum ” and pin.” In the thrum type the style is short and 
the stamens long, whereas in the pin type the style is long and 
the stamens short. This is known as dimorphic heterostylism. 
In other plants, such as Ly thrum Salicaria and some species of 
Oxalis, trimorphic types are found, in whicfi there are two whorls 
of stamens and three variations in the length of the styles and 
stamens, e.g. long styles with medium and short anthers, medium 
styles with long and short anthers and short styles with long 
and medium anthers. In the majority of such species pollina- 
tion is effective only between styles and stamens of similar length, 
e.g. long by long is effective but long by medium or short fails, 
and so on. 

The result of this condition is that as a rule self-pollination 
is impossible and cross -pollination is enforced. 


Xenia 

The term xenia was first used by Focke (1881) to dejaQte Riiy 
deviation from a normal form or colour in any part of the plant 
through the action of foreign poUeii. ^ It appears possible to place 
the examples which Focke described into three classes (1) where 
the developing zygote is affected, (2) where the endosperm is 
affected and (3) where the effect is on the maternal tissue. In 
the light of modern genetics two of these three effects are readily 
explicable. They are the results of the action of paternal genes 
in heredity. Thus (1) in Piaum yellow cotyledons are dominant 
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to green, and if a green variety is pollin^/ted with a yellow variety 
the cotyledons of the developing zygote will be yellow. (2) The 
discovery by Navashin in 1898 that the polar nuclei of the endo- 
sperm fuse with the second male nucleus provides an explanation 
of endosperm differences. For example, in white-seeded maize 
the endosperm is white, yyy ; when, however, a white variety is 
pollinated with a deep yellow variety, YYY, the effect of the 
pollen of the male is expressed directly in the endosperm of the 
female ; it is pale yellow, Yyy, instead of white, yyy, owing to the 
triple fusion whereby two maternal nuclei combine with one male 
nucleus. A number of other differences in maize behave in a 
similar fashion. Differences in the size and shape of seeds, due 
to difference in chromosome number, genetic constitution, 
heterosis, etc., also commonly occur. Since these effects are now 
well understood and explained on a simple genetic basis there is 
no reason why they should continue to be referred to as xenia. 

In the remaining class (3) where the maternal tissue is affected, 
many examples have been reported. Swingle (1926) found that 
the time of maturity of dates could be made to vary act^ording to 
the pollen used in fertilisation. Harrison (1931) has reported 
that in certain varieties of cotton the length of the lint differs in 
different pollinations. Differences in the time of maturity, size, 
form, colour, etc., of the fruits of various plants, which have been 
attributed to the effect of the pollen used, have also been recorded. 
In some cases there are clear indications that the number and 
condition of the developing seeds within the fruit is the direct 
cause of such differences. 

Swingle (1928) has suggested that the developing embryo and 
endosperm secrete hormones, or analogous substances, which exert 
a specific effect on the maternal tissues, the effect varying accord- 
ing to the particular male parent used. The work of Gustafsson 
(1936-37) who induced the development of parthenocarpic fruits 
in many species of plants (a) by growth-promoting chemicals and 
(6) by pollen extracts, possibly supports the above view. 

Swingle (1926) introduced the term metaxenia to describe the 
differences he observed in the time of maturity of dates. The 
title of his paper explains his usage of the term : “ Metaxenia or 
the influence of the male parent on the tissues of the mother plant 
outside of the embryo and endosperm, especially as exemplified 
in the date palm Since Focke’s original description of xenia 
covered effects on any part of the plant, whether embryonic or 



208 THE GENETICS OF GARDEN PLANTS chap. 

maternal, and especially since classes (1) and (2) are readily 
explicable op a simple genetic basis, it is a pity that the effect 
on the maternal tissue (class 3), which is the only one to which the 
term xenia can be properly applied, has been unnecessarily 
described as metaxenia. It is, however, becoming the fashion to 
describe any effect, associated with foreign pollen, on the maternal 
tissue under this name. 

The question is sometimes raised whether the character of 
the fruit — its shape, colour or flavour — is influenced by the kind 
of pollen by which it has been fertilised ; whether, for example, 
Cox’s Orange apples will be different according as they have been 
fertilised by the pollen of a red apple like Worcester Pearmain, 
or a green variety like Lord Derby. In our pollination experi- 
ments we have never observed any difference in the colour of 
fruits which could be attributable to the direct effects of the pollen 
used in fertilisation. Nebel (1930-32) has, however, reported that 
he has detected such differences in apples. 

Differences in the shape of fruits, however, are often associated 
with the number and condition of the seeds which develop within 
the fruit. For example, the apple Golden Spire when self- 
pollinated often develops parthenocarpic fruits, and the height 
of such seedless fruits is usually greater than the breadth ; they 
are also ribbed towards the apex and around the eye. These 
characteristics may also appear when only a few seeds develop 
in a fruit, and, if the seeds have developed in adjacent carpels, 
the fruit is usually more evenly formed on the side where the 
seeds have developed. When, however, flowers of this variety 
are adequately cross-pollinated, the resulting fruits usually 
develop many seeds and often the full complement of ten. 
Such fruits are much more symmetrical in shape, their height 
and breadth being almost equal, and the ribbing is scarcely 
noticeable. 

In Pears similar differences occur and they are often more 
pronounced than in apples. Such differences in the shape of 
pears resulting from self- and cross-pollination were observed by 
Waite as early as 1894, and have been reported subsequently by 
many investigators. There is also evidence that in some varieties 
of pears the time of maturity and even the flavour differs accord- 
ing to whether they result from self- or cross-pollinations {vide 
Tufts and Philp, 1923) and it is probable that these differences 
are also associated with the number, condition and genetic 
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constitution of the seeds developed. In recent publications 
Nebel (1930, 1932 a, b) states that differences in acidity occur 
in apples, resulting from different cross-pollinations. 

In an experiment with regard to the flavour of almonds, we 
found that when we crossed the sweet almond variety Marie 
Dupuy with the bitter almond Amygdalns communis amara, the 
resulting seeds were decidedly bitter, but here of course we are 
concerned with the actual seeds. Among sweet almonds pur- 
chased in the ordinary way occasional bitter almonds occur, and 
it is possible that their occurrence is due to chance cross-pollina- 
tion. It therefore seems advisable to ensure that no bitter 
almonds are allowed to grow in the vicinity of sweet almonds 
grown as an economic crop. 

In other nuts, such as the walnut, where wide differences in 
flavour occur, it is also possible that cross-pollination may affect 
the flavour. 

In many plants seed characters, such as the colour of the 
endosperm we have described in maize and the cotyledons of peas, 
are directly affected by the genetic constitution of the pollen used 
in fertilisation. 



CHAPTER X 


STERILITY 

Although sterility in plants results from many different causes, 
we can conveniently analyse and discuss the various forms which 
occur in our cultivated plants under the following two headings : 
(1) Generational Sterility, due to the failure of any of the processes 
concerned with the normal alternation of generations, namely, 
development of pollen, embryo-sac, embryo and endosperm, and 
the relation of these to one another and to their parents regard- 
less of the cross made. (2) Morphological Sterility due to sup- 
pression or abortion of the sex organs. 

Generational Sterility 

Whereas incompatibility is determined by the interaction of 
particles of the chromosomes, namely the genes, generational 
sterility is often the result of unbalance in the whole chromosome 
complement. It occurs in varying degree among our cultivated 
plants, and is common in hybrids which have resulted from wide 
crosses. 

It may be recalled that from a genetic point of view^ a plant 
is a double structure resulting from the fusion of the nuclei of 
two germ -cells — a pollen grain and an ovule. Hence the somatic 
or body-cells of a plant result from the addition of the parental 
germ -cells, and in order for the plant to repeat this process in 
its own reproduction it is necessary that corresponding elements 
derived from the parental germ -cells should separate. If the 
parental germ-cells themselves did not correspond, then this 
process cannot be carried out in an orderly way and sterility will 
result. 

In diploid plants the body-cell nucleus contains two sets of 
corresponding chromosomes which divide during the process of 
reproduction, forming germ-cells-— pollen grains and ovules— each 
with one set of chromosomes. But among our cultivated plants 
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this process of reduction is often complicated, owing to their 
hybrid origin and complex polyploid chromosome constitution. 
Those with an even number of chromosomes, such as tetraploids 
with four sets, hexaploids with six and octoploids with eight, are 
usually more productive than those having an odd number of 
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A B 

Fia. 65 

A, the infertile Mahdiberry, 2n =21 ; B, the fertile Veitchberry, 2n =28. 


sets, such as triploids with three, pentaploids with five and hepta- 
ploids with seven, etc. Apart from other considerations, it is 
obvious that an odd number cannot divide evenly, and so irregu- 
larities and sterility will inevitably follow. 

A brief consideration of some of our cultivated Rubi, which 
have been cytologically studied by our colleague, Dr. C. D. Dar- 
lington, will serve to demonstrate the importance of polyploidy 
in relation to sterility and fruit production. In the genus Rubus 
the basic chromosome number is seven. The raspberry varieties 
Superlative and Lloyd George have fourteen chromosomes, the 
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Mahdi twenty-one, the Veitchberry twenty-eight, the Logan- 
berry forty-two, and the Laxtonberry forty-nine, and it is well 
known that the fertility and fruit production of the odd multiple 
forms, the triploid Mahdi and heptaploid Laxtonberry, is much 
below that of the even multiples and balanced chromosome 
forms, the diploid raspberries, the tetraploid Veitchberry and 
the hexaploid Loganberry (see Fig. 55). Longley (1926) has 
studied many of the American horticultural forms of Ruhi, and 
has shown that those which possess an odd multiple of seven 
produce very little good pollen and are highly sterile, but that 
the even multiples have comparatively little sterile pollen. 

In the genus Prunus the basic chromosome number is eight 
{v. Ewert, 1922 ; Knowlton, 1924 : Kobe!, 1927 ; Darlington, 
1926-28-32 ; and Moffett, 1930). The somatic number of the 
commoner species is as follows : — 


Prunus divarimta (MyToholdiXi Plum) . . . .16 

,, spmosa (Sloe). . . . . . .32 

,, insititia (Damson) . , .... 48 

,, domestica (European Plum) . . . .48 

,, mahaleb (St Lucie Cherry) . . . .16 

,, avium (Sweet Cherry) . . . . .16 

,, cerasus (Sour Cherry) . . . . .32 

,, cerasus x avium (Duke Cherries) . . .32 

,, persica (Peach) . . . . . .16 

,, armeniaca (Apricot) . . . . .16 


The above fertile forms of Prunus have a balanced diploid, 
tetraploid or hexaploid chromosome complement. Hybrids we 
have raised from Prunus domestica (forty-eight) crossed b}^ P. 
cerasifera (sixteen) and P. insititia (forty-eight) crossed by P. 
spinosa (thirty -two) have the intermediate chromosome numbers 
expected, viz. thirty-two and forty. Pollinations we have made 
between P. domestica. and P. insititia, both hexaploid, have always 
been completely inter-fertile. But from pollinations between 
diploid and polyploid and between different polyploid forms, 
such as P. domestica crossed P. cerasifera and from Prunus 
insititia crossed P. spinosa, fruits with viable seeds are but rarely 
formed. In the American plums Dorsey (1919) found that 
the percentage of aborted pollen was higher in hybrids than in 
species. As far as is known, triploid forms of Prunus are only 
found as ornamental varieties, their degree of sterility being too 
high to enable them to be grown for their fruits, e.g. Prunus 
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nana and Prunus MUme (Darlington, 1928) and many of the 
Japanese flowering cherries (Okabe, 1928). Since in an orna- 
mental tree fruit is not required, sterility is an asset ; no energy 
is expended in the formation of fruit, consequently th$: trees 
flower abundantly year after year. Triploids we have raised 
from crosses between diploid and tetraploid species, and penta-’ 
ploids from crosses between tetraploid and hexaploid species, 
have always been highly sterile. 

Longley (1926) found the basic chromosome complement of 
the strawberry Fragaria to be seven. The wild European straw- 
berry {Fragaria vesca) has fourteen chromosomes. The other 
species, including our modern cultivated varieties, are found to 
be polyploids. Thus Fragaria elatior (the Hautbois straw- 
berry) has forty -two, Fragaria virginiana fifty -six, and Fragarm 
chiloensis fifty-six. The work of Ichijima (1928) and Mangelsdorf 
and East (1927) confirms and extends the conclusions of Longley. 
Five diploid forms, including Fragaria vesca, hybridised freely 
and gave fertile progeny. Similarly crosses between octoploids 
gave fertile offspring. Attempts to inter-cross species with 
different chromosome numbers were often abortive or at the 
most only resulted in sterile hybrids. 

In Ribes the basic chromosome number is eight, and as far 
as is known, although many species have been cytologically 
studied, polyploidy does not occur within the genus (Tischler, 
1927-28; Meurman, 1925-28; Darlington, 1927-29). 

In grapes Nebel (1929) found that the varieties Muscat Gigas 
and Sultanina Gigas were tetraploid forms, their somatic chromo- 
some number being seventy -six. Nebel also made the interesting 
observation that Muscat Gigas (tetraploid) has six chromosomes 
with satellites, whereas Muscat (diploid) has only three. 

Longley (1927) in a cytological study of the Blueberry, 
Vaccinium species and hybrids, found three diploid, six tetraploid, 
one pentaploid and two hexaploid forms. The basic chromosome 
number is twelve. Coville (1927) in the same genus found that 
he could inter-cross species with the same chromosome number, 
but crosses between forms with a different number of chromo- 
somes failed or produced highly sterile offspring. 

In the cultivated fruits so far discussed we have shown 
that the really productive forms have a balanced chromosome 
complement, and that those with an odd multiple or unbalanced 
chromosome constitution are generally unproductive. Although 
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a certain amount of bad pollen and ovules is evident in the pro- 
ductive varieties, nevertheless they have a sufficient proportion 
of good pollen and ovules to ensure, under favourable conditions, 
an abundant yield. 

Apples and Pears 

In a previous chapter we have shown that our cultivated varieties 
of apples and pears are of two kinds, the so-called diploids with 
thirty-four and triploids with fifty-one chromosomes. In Tables 
XXXVII to XL we have tabulated the chromosome complement 
of a number of varieties of apples and pears and the percentage 
of pollen germination as determined by a number of investi- 
gators. In Tables XXXVII and XXXIX are triploid, in Tables 
XXXVIII and XL diploid varieties. Kvaale (1926), Kobel (1927), 
Miedzyrzecki (1933) and Moffett (1934) gave the actual percentage 
of pollen which germinated, but Florin (1926) divides his results 
into three classes : (1) poor with average pollen germination 
not above 30 per cent, (2) ‘‘ medium ”, 30 to 70 per cent, 
and (3) good ”, at least 70 per cent. It will be observed that 
considerable variation in the proportion of good and bad pollen 
occurs, both among diploids and triploids, but that the proportion 
of bad pollen is very much higher in the triploids than in the 
diploids. Thus all the triploid varieties which were used by 
Florin in his tests are in his ‘‘ poor ” class, with less than 30 
per cent good pollen, and those examined by Kobel and Kvaale, 
Miedzyrzecki and Moffett gave only 4 to 27 per cent good pollen. 
It is therefore evident that there is a correlation between the 
proportion of good pollen and chromosome number in apples and 
pears, and that many of our important varieties such as Bramley’s 
Seedling, Blenheim Orange and Ribston Pippin apples, and 
Beurre d’Amanlis, Pitmaston Duchess and Catillac pears are 
triploids and sterile to a high degree. 

A comparison of the results in Tables XXXVTII and XL 
shows that generational sterility occurs to a higher degree among 
the diploid pears than among the diploid apples. In this con- 
nection it is noteworthy that Moffett (1934) has shown that the 
degree of primary pairing and also the secondary association 
of the chromosomes is not so great in pear.^ as in apples. These 
conditions may lead to greater irregularities in germ-cell forma- 
tion, and hence a greater average degree of sterility in pears. 
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Crimson Brnmley is a bud-sport from Bramiey’s Seedling and the Cravensteins are apparently a group of eight clonal variations. 
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Nevertheless the average fertility of th© diploid pears is much 
higher than the fertihty of the triploid varieties. The diploid 
variety Marguerite Marillat is exceptional in being almost if not 
entirely sterile on its male side. v 

We have previously shown that in most fruiting trees the 
free production of fruits is associated with an even multiple 
and balanced chromosome constitution. The condition of our 
pomiferous fruits is, however, in manj^^ ways exceptional ; seed 
fertility is not so closely related to fruit production, and com- 
paratively few fruits are required to give a satisfactory yield. 


TABLE XXXIX 
Triploid Varieties of Pears 



Somatic Chromosome 
Numbers 

Percentage of Pollen Germination 

Variety 

Kobel, 

1927 

Miedzy- 

rzecki, 

1933-34 

Moffett, 

1934 

Florin, 

1926 

Kobel, 

1927 

Miedzy- 

rzecki, 

1933-34 

Moffett, 

1934 

Beurre d’Amanlis 



61 

0-30 



8-2 

Beurr^ Diel 

45 

61 

61 

0-30 

60 

5-() 

120 

Catillac 

Consoiller a la Cour 

44-8 


51 


130 


160 

Barikerbirno 

61 



0-30 

110 



Pitmaston Duchess 

1 Schweizer Wassorbirne 

ca. 46 


61 

0-30 

13 0 


100 

1 Theilersbirne 

48 



0-30 

220 



1 Vicar of Winkfiold 

1 Bateau Gris 

1 Uvedale’s St. Germain . 

55 

61 

51 

0-30 

40 

9-0 

90 


Often if only 5 per cent of the flowers form fruits which reach 
maturity it is sufficient. Consequently varieties of apples and 
pears with an odd-multiple chromosome complement and a high 
degree of sterility may be sufficiently productive to be of econ- 
omic importance. 

Since the diploid varieties of apples and pears in general 
have a higher proportion of good pollen than the triploids, it 
follows that apart from incompatibility, the diploid varieties 
are likely to be much more effective as pollinators in the garden 
and the field than triploid varieties. This knowledge should 
guide the fruit-grower when considering the interplanting of 
varieties. Triploid varieties of apples such as Bramley’s Seed- 
ling and Ribston Pippin, and pears such as Beurre Diel and Pit- 
maston Duchess, which are characterised by a low proportion of 
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good pollen, can only be very ineffective pollinisers for other 
varieticB. Consequently, although interplanting with a highly 
fertile diploicl variety like Worcester Pearmain nfight be effective 
for Bramley’s Seedling, the latter would not be of much use as 
a pollinator for Worcester Pearmain. In all such cases where 
triploid varieties are involved it is advisable to add a third 

TABLE XL 

Diploid Varieties of Pears 


Variety 

Somatic Chromosome 
Numbers 

Percentage of Pollen Germination 

Kobel, 

1927 

Miedzy- 

rzeeki, 

1933-34 

Moffett, 

1934 

Florin, 

1920 

Kobel, 

1927 

Miedzy- 

rzee.ki, 

1933-34 

Moffett, 

1934 

Andre Despoites . 

34 



30-70 

54 



Belle des Abr^s . 


34 




66 


Beurr4 Bose 



34 




59 

Beurre Clairgeau . 



34 

30-70 



81 

Beurre Dmnont . 


34 




36 


Beurr^ Oiffard 


34 

34 

30-70 




Beurre Hardy 

34 


34 

30-70 

72 


82 

Beurr6 Naghin 


34 




43 


Beurre Six 



34 




61 

Beurre Superfin . 



34 

70-100 




Bon Chretien d’Hiver . 


34 






Charles Marchal . 


34 






Clapp’s Favourite 


34 


30-70 


55 


Conference . 

* 


34 

70-100 



72 

Doyenn^ du Cornice 



34 

30-70 



74 

Durondeau 



34 




50 

Dr. Jules Guyot . 


34 

34 

30-70 


54 

46 

Fertility 



34 




69 

Hessle 



34 




71 

Louise Bonne de Jersey 

34 



30-70 

54 



Marguerite Marrilat 



34 

0-30 



2 

Marie Louise 



34 




57 

Olivier des Serres, 


34 


0-30 


40 


Passe Crassane 


34 




56 


Triomphe de Vienne 
William’s Bon Chretien 


34 


30-70 


46 


U 


34 

30-70 

46 


56 


variety, another diploid such as I.ord Derby for the pollination of 
Worcester Pearmain, so as to secure the pollination of the diploids 
inter se, or if these kinds do not meet the gro'wer’s requirements, 
two other diploid varieties. 

In apples and pears it does not necessarily follow that the 
development of a fruit to maturity means that the fruit contains 
viable seeds, for although in the large majority of varieties 
pollination and fertilisation are necessary for fruit formation, 
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a subsequent breakdown in embryonic growth does not always 
affect the fruit. In the case of such a breakdown, which 
commonly occurs, the fruit may continue to develop and reach 
maturity. This arrest and breakdown of the growth ^f the 
embryo may be due to various causes and accentuated by others, 
e.g. disease, nutrition, climatic conditions, etc., but among them 
cytological and genetical unbalance play a leading part, no matter 
what may be the prevailing cultural conditions and general 
health of the trees. 

With regard to the so-called ‘‘ June drop ” of apples, which 
in this country more often occurs in the month of July, ther^ are 
indications that under unfavourable conditions failure to develop 
to maturity is most common with those fruits which contain 
onl}^ or mainly imperfect seeds. It is therefore probable that 
the falling of partially developed fruits known as the ‘‘ June 
drop ” is in general heavier among those apples which have 
poorly developed seeds. Some varieties of apples and pears 
occasionally develop fruits without seeds, and in some varieties 
the seed content is reflected in the shape of the fruit, those with 
few seeds often being irregular in shape. 

Although certain diploid varieties, such as Cox's Orange 
Pippin, when pollinated by Lane’s Prince Albert, result in a 
low proportion of good seeds, it may be predicted that in those 
years when the June drop ” is prevalent it will in general be 
more acute in plantations where provision for pollination is 
inadequate, than in those well provided for effective pollination. 


Inter-specific Sterility 

Among plants derived from the inter-crossing of species all 
degrees of sterility occur. Sterility of this kind occurs when 
species with the same chromosome numbers are intercrossed, and 
also between species with different chromosome numbers. The 
degree of sterilit}^ varies from complete failure to obtain seeds 
from inter-specific pollinations, to the other extreme where inter- 
specific hybrids are as fertile as the parental species themselves. 
Complete fertility in such hybrids is, however, exceptional, and 
following inter-specific hybridisation some degree of sterility is 
almost the rule. When high fertility does occur it often results 
from an unusual form of reproduction. Although many species 
fail to inter-cross, initial failures should not be too readily accepted 

Q 
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as indicating complete inter-sterility, as repetition may yield a few 
seeds and give rise to plants of outstanding value. 

Results we have obtained from inter-specifib pollinations in 
cherries have varied considerably. Varieties of Prunus avium used 
as female, pollinated by varieties of P. cerasus as male, have 
generally produced and matured fruits freely, but from reciprocal 
pollinations fruits were less freely formed. The Duke cherries 
are also less productive when used as females with the sweet 
cherries than when used as males. The total results of such 
crosses are summarised in Table XLI. 


TABLE XLI 



No. of Flowers 
pollinated 

No. of Fruits 
set 

Percientage 

set 

Sweet Cherries x Sweet Cherries 

96,671 

24,977 

26 06 

,, ,, X Sour ,, 

2,953 

703 

23*7 

Sour ,, X Sweet ,, 

1,144 

93 

8*1 

Sweet ,, X Duke ,, 

4,786 

601 

12*5 

Duke ,, X Sweet ,, 

2,406 

129 

5-3 

i Sour ,, X Duke ,, 

353 

42 

11-8 

Duke ,, X Sour ,, 

1,317 

45 

3-4 

' Sour ,, X Sour ,, 

489 

60 

12-2 

1 Duke ,, X Duke ,, 

534 

44 

8-2 


The extent of the trials with the sour (P. cerasus) and Duke 
cherries is comparatively small, and consequently we hesitate 
to make any general statement with regard to the results they 
have given. But in the Sweet x Sour and the Sweet x Duke and 
reciprocal pollinations the number of flowers used is large and the 
differences in proportion of fruits set in the reciprocal pollinations 
between these groups are considerable. These reciprocal differ- 
ences are probably due to hybridity and sterility. The sweet 
cherry P. avium is a diploid species and the Dukes and sour 
cherries are tetraploids. Consequently, when the Dukes and sour 
cherries are used as females, the endosperm, which results from 
a triple fusion in which two maternal nuclei combine with one 
male nucleus, will be pentaploid or approximately so. When, 
however, the sweet cherries are used as females the endosperm, 
following triple fusion, will be tetraploid or approximately so, 
and it is possible that differences in balance between the chromo- 
some complement of the embryo and endosperm may account for 
the difference in the proportion of fruit set in the reciprocal 
pollinations between these groups. 
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The Duke cherries are tetraploids, which have arisen in an 
exceptional way from hybridisation between the diploid sweet 
cherries and tiie tetraploid sour cherries. Consequently the 
immediate hybridity of the Dukes is much greater than that of 
the varieties of P. avium and P. cerasus — the sweet and sour 
cherries respectively — and 
a corresponding difference 
in sterility may be ex- 


pected. An examination \ 
of the results in Table XLI ^ \ 
and their graphical pre- \ \ 
sentation in Fig. 56 sub- | \ \ 

stantiates this view, for .e \ 


maiJes 

: Duke “ • - 


.* Souir 


not only do the sour and 
sweet varieties show a con- 
siderably greater fertility 
than the Duke varieties, 
but in reciprocal crosses 
with sweet varieties a strik- 
ing parallelism is shown. 
For example, the difference 
between the percentage of 
fruit set in sweet crossed 



Duke 

Cheme» 

Used as Females 


Sour 

Cherries 


Fig. 56. — Inter -specific Fertility in 
Cherries 

Showing tho percentage of fruit set in pol- 
linations between varieties of P. avium, 
P. cerasus and the hybrid Duke Cherries. 


sour and sour crossed 

o 

sweet, and sweet x Duke Ouke sour 

. . ^-^hernes Cheme* Cherries 

and Duke X sweet, is pro- Used as Females 

portional. The results of ^ ^ 

\ j 1 — Inter -SPECIFIC Fertility in 

these experiments show Cherries 

that although fertilisation showing the percentage of fruit set in pol- 
is essential for fruit de- linations between varieties of P. avium, 

velopment, a subsequent 

breakdown in embryonic growth frequently occurs. This break- 
down may result from several causes, the most probable of which 
is a discordance (a) of the parental chromosome contributions to 
the nucleus and endosperm of the zygote, or (b) between the 
nucleus and endosperm. The consequence of these inharmoni- 
ous relations is seen in the degree of development of the embryo 
and the resulting bad and non- viable seeds. At maturity some 
fruits contain but shrivelled testas, and others only partially de- 
veloped embryos. In general the proportion of imperfect seeds 
is higher in the Dukes than in the sour and sweet cherries. 
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Relationship of Chromosomes and Fertility 

In addition to numerical diJfferences, too great a dissimilarity 
or even too great a similarity of the chromosome complement 
may also lead to reduced fertility or to sterility. Many sterile 
diploid hybrids have, upon doubling of the chromosome comple- 
ment, given rise to fertile tetraploid forms. For example, the 
highly sterile diploid Primula hewensis (Newton and Pellew, 
1929) has given rise to a tetraploid form which is highly fertile 
(see Chapter IV, page 65), and similarly the highly sterile diploid 
Raphanus-Brassica hybrids raised by Karpechenko (1928) gave 
tetraploids that were highly fertile and in the almost sterile form 
of the geranium Pelargonium roseum, fertility was restored fol- 
lowing chromosome duplication. In this case duplication was 
vegetatively induced (Shchavinskaya, 1937). 

On the other hand, reduced fertility sometimes results from 
chromosome doubling. For example, the tomato of commerce 
is a highly fertile diploid plant with twenty-four chromosomes. 
By the simple process of decapitation adventitious shoots may be 
induced to arise, some of which are tetraploid with forty -eight 
chromosomes. Compared with that of the diploid forms, the 
fertility of the tetraploids is greatly reduced. Again in the 
tetraploid forms of raspberries, such as the varieties Belle de 
Fontenay and Merveille Rouge, and in the auto-tetraploid forms 
of Primula sinensis fertility and productivity are lower than in 
the case of the diploid forms. Many other examples of sterile 
plants giving increased fertility and fertile plants decreased fertility 
following chromosome doubling could be quoted. Consequently 
it appears possible to predict that the doubhng of the chromo- 
somes of sterile hybrids will lead to increased fertility, but in 
fertile forms will lead to a reduction of fertility. The reason for 
this apparent contradiction becomes clear when we consider the 
nature of the chromosome complement in the two kinds of poly- 
ploids. An auto -polyploid may be represented as AAAA, derived 
from doubling in a fertile diploid A A ; an alio -polyploid as A ABB, 
derived from doubling in a more or less sterile diploid AB, itself 
the result of the cross A A x BB. In the former case the change 
from two to four identical groups will set up mechanical difficulties 
in pairing, owing to excess of choice. In the allo-polyploid the 
doubling of AB to AABB will allow identical sets AA and BB to 
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pair, giving germ-cells all AB and identical ; the plant will function 
as a diploid and fertility will be restored. 

The sterility associated with the offspring of wide crosses, 
such as that of the plum-crossed peach, the black-currant^crossed 
gooseberry and many other inter-specific hybrids is well known. 
It is frequently met with among our ornamental plants which are 
asexually reproduced, for example in the rose Mermaid, and many 
shrubs and herbaceous plants. In such extreme crosses the two 
sets of chromosomes derived from the respective parents work 
in harmony throughout the somatic life of the hybrid, but are 
unable to pass successfully through the more intricate pro^^esses 
of germ-cell formation. 

A number of cases in which meiosis is affected by a definite 
gene are known. For example, Beadle (1933) in his experiments 
on maize found that chromosome pairing (chiasma formation) 
was greatly reduced by a gene which was inherited as a mendelian 
recessive. Since meiosis could rarely proceed normally the 
majority of the germ cells were inviable and a high degree of 
sterility resulted. Faberge (1937) has shown that the recessive 
gene b 2 in the sweet pea (see Table V) disorganises meiosis on the 
male side and gives rise to contabescent anthers, devoid of pollen. 

Chromosome rearrangements, such as ring formation and in- 
versions, illustrated in Fig. 15, commonly lead to partial or more 
or less complete sterility. When individuals which differ in 
regard to several inversions, whether they belong to the same 
species or not, are crossed, they frequently give rise to hybrids 
whose chromosomes, on account of these differences, are unable 
to pair at germ-cell formation, or if they pair, crossing-over gives 
rise to unworkable new structures. Such hybrids are therefore 
sterile, and the sterility of many inter-specific hybrids, as in Lilium 
(Richardson, 1936) is largely due to this cause. 

Morphological Sterility 

So far, the form of sterility discussed in this chapter has been 
due to gametic irregularities — abortive pollen or ovules, or to 
zygotic degeneration — the breakdown of embryonic growth. 
Another form of sterility occurs in plants which is due to the 
suppression or abortion of the sex organs. For example, the 
anthers of the plum Golden Esperen are contabescent and con- 
tain no good pollen. Consequently although the variety is fertile 
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on its female side and sets fruit when pollinated with other 
varieties it 4s useless as a pollinator for other varieties owing to 
the sterility of its male organs. ‘ 

In the peach, Connors (1926) has shown that the variety J. H. 
Hale and others are sterile on their male side, although fully 
fertile on the female side. Among the many seedlings we have 
raised at Merton we find male-sterility to be not uncommon. 
As we have previously shown, in the progenies raised from com- 
mercial varieties of raspberries we have obtained four sexually 
distinct forms, hermaphrodite, male, female and neuter. In the 
neuters both male and female organs are suppressed. The male 
forms of course never bear fruits ; but the females crop freely 
when pollinated by other individuals. As we have previously 
shown, these sex-forms in raspberries are the expression of 
genetic differentiation, the suppressed forms being recessive, and 
from crosses between them a close approximation to the expected 
Mendelian segregation is obtained. Stout (1921), Wellington 
(1930) and Dorsey (1932) have shown that in the grape aborted 
and suppressed sex organs commonly occur. Valleau (1918) has 
described similar conditions in strawberries. More recently Swar- 
brick and Thompson (1932) have shown that the strawberry 
variety Tardive de Leopold is male-sterile, possessing only abort- 
ive stamens, hence to produce fruit it is essential that this 
variety should be planted adjacent to other varieties which pro- 
vide pollen for fertilisation. The variety Oberschlesien also 
appears to be male-sterile to a considerable extent. Since these 
varieties are being widely planted commercially, care should be 
taken that a sufficient number of plants of a free pollen-producing 
variety is also included in the plantations. Swar brick and 
Thompson have shown that plantations consisting of the varieties 
Tardive de Leopold and Royal Sovereign were almost invariably 
successful, but that plantations composed of Tardive de Leopold 
and Oberschlesien were rarely if ever successful, except where 
one or other of the stocks contained other varieties as rogues, 
notably Sir Joseph Paxton or Royal Sovereign. In a number 
of cases where only Tardive de Leopold and Oberschlesien were 
planted both varieties completely failed to set fruits. 



CHAPTER XI 


THE ORIGIN OF NEW AND IMPROVED FORMS 

In the previous chapters the genetical constitution and behaviour 
of a range of widely different plants has been described. In this, 
the concluding chapter, there remain to be discussed in greater 
detail the different methods and processes by which new forms, 
varieties and species of plants have originated. 

Study of the genetics and cytology of a group of plants is 
often of the greatest help in elucidatbig their origin and relation- 
ships. Such combined studies have shown that from an evolu- 
tionary point of view we can arrange our races of cultivated 
plants, according to their mode of origin, into four classes, although 
of course these classes overlap, and selection operates in the 
majority of cases. These methods by which new varieties and 
species of plants originate are as follows : — 

(1) From mutations within a single species. 

(2) By simple auto-polyploidy, such as results from the 
functioning of unreduced germ-cells or from somatic duplication. 

(3) By selection from products of inter-specific hybridisation 
unaccompanied by chromosome duplication or aberration. 

(4) By inter-specific hybridisation accompanied by chromosome 
duplication or nuclear aberration. 


Gene Mutations 

The part which gene mutations have played in the origin of 
new and improved plants is well illustrated in the accounts we 
have given of the sweet pea, the Chinese primrose, the edible pea, 
the raspberry and other horticultural plants. We have also 
shown how by cross-breeding new characters can as a rule be 
easily recombined, and further desirable combinations obtained 
in a relatively short time. In this way the more attractive 
Spencer type of flower in the sweet pea was rapidly recombined 
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with other desirable characters and in a short time it completely 
ousted the typical hooded form from cultivation. 

Gene mutations result spontaneously from inherent genetic 
changes. They are not due to hybridisation, nor, as is sometimes 
supposed, to the direct effects of cultivation. Indirectly, however, 
cultivation plays an important part ; first on account of the close 
inbreeding involved, which reveals mutations latent in the stock, 
secondly on account of selection and vegetative reproduction, 
which enable mutations to be maintained as distinct strains or 
varieties, and thirdly on account of the protection which cultiva- 
tion frequently affords to the less robust forms. Another im- 
portant result of cultivation is that geographical and ecological 
barriers are artificially overcome ; species distantly separated in 
nature are commonly brought together in gardens and plantations 
and this provides opportunities for hybridisation, and, as we show 
later, has led to very important results. 


The Origin of Auto-polyploids 

The second way in which new forms of cultivated plants have 
arisen is by simple auto -polyploidy. In this case the chromo- 
some complement is duplicated, either somatically or as a result 
of unreduced germ-cells taking part in fertilisation, without 
hybridisation being involved. The tetraploid forms of rasp- 
berries, which include such varieties as Belle de Fontenay, Mer- 
veille Rouge, Hailshamberry and Everbearing are auto -polyploids. 
They appear to have arisen from the diploids in the last eighty 
years. Raspberries can be grouped into two classes, the (ordinary) 
summer-fruiting varieties and the autumn-fruiting ones. The 
former bear their fruits on the previous season’s growth, whilst 
the autumn-fruiting varieties bear on the current season’s growth. 
All the tetraploid, 2n = 28, varieties are in the autumn-fruiting 
class, whilst with rare exceptions the diploids, 2n = 14, are in the 
summer-fruiting class. The tetraploid, 2n=48, race of Primula 
sinensis are giant auto -polyploids. They arose from the diploids, 
2n = 24, spontaneously at the beginning of the present century. 

In pears the recent new giant tetraploid forms, 2n =68, of the 
varieties Fertility and Bartlett, arose from their respectively dip- 
loid varieties. They appear to be the first tetraploid forms of our 
European pears, Pyrus communis. In grapes the varieties Muscat 
and Sultanina have thirty-eight chromosomes, whilst their respect- 
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ive giant forms Muscat gigas and Sultanina gigas h^ve seventy -six. 

The above are examples of auto p(»lypk)ids which have arisen 
from a complete duplication of the chromosome complement. 
Sometimes, as in Primula, they have originated through the sexual 
process, and sometimes, as in pears, vegetatively from somatic 
duplication. Many new forms have also arisen from unilateral 
duplication. For example, the triploid varieties of apples and 
pears apparently arose from the fusion of an unreduced germ-oell, 
2n = 34, with a normal reduced germ-cell, 2n = 17. Some of the 
finest varieties of tulip and hyacinth are triploids of a similar 
origin. In the tulip they include Keizerskroon and Pink Beauty, 
which are early varieties with exceptionally large fiowers, and 
Massenet, a tallish pink Darwin. The earliest of the triploid 
varieties to appear was Zomerschoon, which arose in the sixteenth 
century. The first triploid variety of hyacinth to appear was 
Grand Maitre in 1870. Other triploid varieties are General de 
Wet, King of the Blues, Lord Balfour and Lord Derby. Triploids 
are common among plants which are vegetatively reproduced, 
whether artificially by budding, grafting, cuttings, etc., or naturally 
by means of bulbs, corms, tubers and other methods, e.g. several 
of the highly decorative varieties of Japanese cherry are triploids. 

Some of the most important varieties of fiowers and fruits in 
the world are triploids. In apples the triploids include the out- 
standing varieties, Bramley’s Seedling, Belle de Boskoop and 
Baldwin. Bramley’s Seedling is probably more widely grown 
than any other variety of apple in England and is notable for its 
hardy constitution, admirable cooking qualities and high vitamin 
C content. Belle de Boskoop, according to a recent questionnaire 
by Kemmer (1932) is the most popular apple in Germany. Bald- 
win, according to Hedrick (1922) “ is the standard winter apple of 
eastern America, and is more largely grown than any other variety 
of this fruit on the Continent Ribston Pippin, one of the 
richest flavoured apples ; Blenheim Orange, one of the best all- 
round apples in cultivation ; and Gravenstein and Reinette du 
Canada are other notable triploid varieties. In tulips and 
hyacinths the giant triploid forms are widely grown and have 
largely displaced the old diploids from cultivation. 

In addition to the auto-triploids which originate in the way 
described above, triploids also commonly arise from the inter- 
crossing of diploid and tetraploid forms or species. Reference to 
these will be made later. 
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Inter-specijic Hybrids 

4 

The third method by which new plants have arisen is by inter- 
specific hybridisation between diploid species or between poly- 
ploid species, without chromosome duplication or other major 
cytological aberration being involved. As shown by Bunyard 
(1917) three species of Ribes have entered into the constitution of 
the garden red currant, namely Ribes vulgar e, R, rubrum and 
R, petraeum. Some of the cultivated varieties strongly favour 
one or another of these three species, others combine the characters 
of two, say rubrum-vulgare or petraeum-vulgare. The three species, 
and all the varieties examined, are alike in chromosome number, 
having sixteen chromosomes, two sets of eight. 

The account, given in Chapter VII, of the garden strawberries, 
is an example of the origin of a new race of plants from hybridisa- 
tion between polyploid species. From all accounts it is clear that 
the introduction into Europe, and bringing together, of the two 
octoploid species, Fragaria virginiana from eastern North America 
and F, chiloensis from South America, provided the first oppor- 
tunity of raising the large-sized fruits characteristic of our modern 
race. The first varieties of this type, combining the large size of 
F. chiloensis with the aromatic qualities of F, virginiana, appeared 
in Europe towards the end of the eighteenth century. 

Amongst the many other genera in which sj)ecies hybridisa- 
tion, without chromosome doubling, has given rise to new races of 
cultivated plants may be mentioned Rubus, Streptocarpus, 
Rhododendron, Viiis and Iris, 


Hybrid or Allo-polyploids 

The fourth and most important way in which new forms have 
arisen is by inter-specific hybridisation in which unreduced germ- 
cells have taken part, or where somatic duplication of the chromo- 
some complement has subsequently occurred. As before, there 
is sometimes complete duplication of the complement and some- 
times unilateral duplication, i.e. non-reduction of the germ-cell of 
one parent only. Details are given below of several important 
races and species of cultivated plants which have originated in 
this way. 

Dahlia variabilis. As shown in Chapter V, the species of 
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Dahlia excepting Z>. variabilis are tetraploid, 2n==32, and they 
can be divided into two classes : (1) m bere the anthocyanins are 
cyanidin types and the flowers magenta, and (2) where the antho- 
cyanins are pelargonidin types and the flowers Si'arlet ori»urange. 
The garden dahlia, D. variabilis, combines the pigments of the 
two classes, and it also has twice as many chromosomes, 2n = 64. 
Combined genetical, cytological and chemical studies (Lawrence 
and Scott-Moncrieff, 1935) have convincingly Jed to the conclusion 
that the octoploid D. variabilis with its wide range of C(;lour and 
form arose in nature from hybridisation between the two tj^pes of 
tetraploid species followed by chromosome duplication . D. mria- 
bilis was introduced into Europe from Mexico in 1789. 

Prunus domestica. Our European plum P. domtstica has 
probably arisen on many different occasions in prehistoric and 
historic times from hybridisation between diploid and tetraploid 
species, followed by chromosome duplication to give the fertile 
hexaploid P. domestica. Indeed the results of breeding experi- 
ments with species and varieties of Prunus have led to the con- 
clusion that the diploid species P. divaricata and the tetraploid 
species P. spinosa are involved in the origin of P. domestica (Crane 
and Lawrence, 1930). Such a view is supported by a consideration 
of the variation which occurs within these species ; for example, 
in P. divaricata the ground colour of the fruits is yellow and the 
anthocyanin red. In P. spinosa the ground colour is green and 
the anthocyanin blue, and the range of variation in both species 
is limited. In P. domestica, however, both red and blue colours 
and also yellow and green grounds occur, and from their various 
recombinations an infinitely wider range of variation results. 
The increase in size and wider variation in form and flavour of the 
fruits of P. domestica is also in agreement with the above view. 
The hypothesis also receives support from recent investigations 
by Dr. Rybin (1936) in Russia. In correspondence Dr. Rybin 
informs us that he has raised seedlings from crosses between 
P. spinosa L. and P. divaricata Led. ( =P. cerasifera Ehrl.) One 
of these seedlings is a hexaploid ; it is larger and more robust 
than the normal triploids of the same origin. Rybin also states : 
‘‘ In the forests of the Maikop district, North Caucasus, both 
species P. spinosa and P. divaricata hybridise rather freely. I 
found many wild-growing hybrids which showed twenty-four 
chromosomes in the root- tips, and flowered abundantly but were 
highly sterile. One of these trees bore only six fruits and another 
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seven. The characters of the branches, leaves, flowers, fruits, 
stones, the colour of the bark and other characters of the hybrid 
trees showed clearly their close relationship t^. both parental 
species. All these facts 1 think may be regarded as giving strong 
support to your idea that the European plum P. domestica arose 
by means of hybridisation which took place between the Asiatic 
species P. spinosa L. and P. divaricata Led.” 

Aesculus carnea. Although the precise details are not known, 
it is generally agreed that the pink-flowered chestnut A. carnea 
arose from hybridisation between two species of distinct sections 
of the genus, namely the common horse chestnut A. Hippo- 
castanum of Europe and Asia, which makes a tree up to 100 feet 
high, and A. Pavia from North America, a comparatively small 
shrubby species which only attains a height of about 12 feet. 
Several other well-marked characters separate A. Hippocastanum 
from A, Pavia. The fruits of the former are very spiny and the 
flowers usually have five petals with a patch of colour confined to 
the base. In A. Pavia the fruits are smooth and the flowers only 
have four petals, which, in contrast to those of A, Hippocastanum^ 
are richly coloured and glandular at the margins. 

A . carnea is in many respects intermediate between the above 
two species ; it makes a tree 50 to 70 feet high and its fruits are 
slightly spiny. In habit of growth and foliage it resembles 
A. Hippocastanum, whilst in the colour of its flowers and the 
glandular edged petals it approaches A. Pavia. Although gener- 
ally accepted as a hybrid, it is usually propagated by sexual 
means and it has aroused considerable interest both among 
horticulturists and biologists, first by its fertility and secondly by 
its behaviour in breeding approximately true from seed. Thus 
Bean (1914) states : ‘‘ Plants raised from seed at Kew, about 1896, 
which are now 20 feet high, have flowered for several years past. 
They do not differ from ordinary A. carnea, or from each other, 
except in the depth of colour in the flowers. This is rather unusual 
in the progeny of a hybrid.” More recently Hurst (1932) states 
that of 218 seedlings he raised, only slight variations in the amount 
of yellow at the base of the flowers and other minor differences 
were evident. In hybrids from widely distinct parents we are 
perhaps more familiar with the occurrence of sterility than 
fertility, and when hybrids are fertile considerable diversity in the 
progeny and some approach to parental forms is a common 
expectation. But during the last decade genetical and cyto- 
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logical research has shown that to expect a distant hybrid always 
to be infertile or to assume that its parental types will inevitably 
appear in the second generation is to take too simple a view of the 
potentialities of inter-specific hybridisation. In this connection 
cytological studies of A. carnea and its parental species have 
again been of great value in determining the relationships and 
origin of a new species. Hoar (1927) and Skovsted (1929) found 
that both A. Hippocastanum and A. Pavia had twenty pairs of 
chromosomes whilst A, carnm had forty pairs. The chromosomes 
of A, carnea have therefore doubled, and thus given rise to a 
constant true -breeding new species in which the characters o^ the 
two sections of the genus are combined. Thus taxonomic, genetic 
and cytological studies all confirm the hybrid origin of the species. 

Rubus loganobaccus. The loganberry appeared about 1881 in 
the garden of Judge J. H. Logan, in California, and was originally 
described as a natural hybrid. The parents were believed to be 
the Aughinburgh, a form of Rubus vitifolius, and a raspberry of the 
species R. strigosus, probably the variety Red Antwerp, since the 
two were growing close together in the garden when the logan- 
berry appeared. The assumption of its hybrid origin went un- 
challenged for some years, no doubt on account of the obviously 
intermediate character of the new form. Subsequently, however, 
its alleged origin came to be disputed. This disputation arose 
for various reasons ; in the first place, the high fertility of the 
loganberry seemed inconsistent with the nature of a hybrid 
derived from such distinct parents. Secondly, its seedlings, 
although yariable, did not show the diversity commonly expected 
from a distinct cross ; that is to say, the supposed parental types 
of habit and fruit failed to reappear amongst its seedlings. Again, 
on crossing with blackberries or raspberries, the dominance of 
many characters of the loganberry seemed essentially like that 
of a species. Wilson (1906), for example, states that on crossing 
with the raspberry no true raspberry characters emerge, and in 
our hybrids with i?. neglectus, R. niveus and other Rubi, almost 
complete dominance of the vegetative characters of the loganberry 
occurs. For these reasons some authors came to consider the 
loganberry as a variety of R. vitifoUus rather than to accept the 
postulated hybrid origin. However, as we have shown in Dahlia, 
Aesculus and Prunus, constant and relatively true-breeding 
hybrids may arise from the hybridisation of very distant species. 
The loganberry is hexaploid, 2n * 42, and in his systematic studies 
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of the genus Rubus, Bailey (1923) gave it specific rank as i?. 
loganobaccus . 

Plants we have raised from seeds of R. vitifylius collected in 
California and kindly sent to us by Dr. H. M. Butterfield proved 
to be octoploid, 8X =56. The probable chromosome constitution 
of the loganberry is therefore : twenty-eight chromosomes derived 
from R. vitif alius and fourteen from the raspberry as the result 
of the functioning of an unreduced germ-cell. The leaves of 
R, vitifolius are three-lobed, the fruits small, and the sexes borne 
separately, some plants being male and others female. In the 
raspberry, both diploid and tetraploid, and in the loganberry, the 
flowers are hermaphrodite, and the leaves are pinnate, when fully 
developed bearing five leaflets. In families we have raised from 
crossing these Rubi (Crane, Faberge and Thomas unpub.) there 
is a gradation from the three-lobed leaf to the pinnate leaf with 
five distinct leaflets. This is directly correlated with the propor- 
tion of the chromosomes derived from the pinnate -leaved rasp- 
berry, as follows : — 

TABLE XLII 



Chromosome 

JN umber 

Proportkin 

derived 

from 

Raspberry 

Leaves 

Raspberry x Raspberry . 

2X = 14, 
4X-48 

all 

Five distinct leaflets 

R. vitifolius ^ X R. V. . 

8X - 56 

0 

Uniformly 3-lobed 
/ 3-lobed, but more 
^ deeply incised than 
( ursinus 

( 3-lobed, but more 
• deeply incised than 
[ previous family 

R. vitifolius X Loganberry 

7X=49 

1 

R. rMfolius x Raspberry 
(2X) 

5X = 35 

1 

6 

R. vitifolius X Raspberry 

8X = 56 

0 

3-lobed 

(4X) 

and 6X ^ 42 

1 

Five distinct leaflets 

Loganberry 

II 

1 

Five distinct leaflets 


The heptaploid and pentaploid families obtained from crossing 
R. vitifolius with the loganberry and the diploid raspberry have 
3-lobed leaves and are highly sterile. From crossing with the 
tetraploid raspberry the plants are of two kinds ; about one-half 
have fifty-six chromosomes, female flowers and 3-lobed leaves like 
R. vitifolius, and it seems clear that these plants are of an apomic- 
tic, non-sexual, origin. The majority of the other plants in the 
family are hexaploid, 6X = 42, whilst a few are 42 ± 1 or 2, the 
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Page 232, Table XLII 
for 4X - - 48 read 4X — 28 
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latter arising from aneu'ploid germ-cells of the tetraploid raspberry. 
The characters of some of these hexaploid seedlings resemble those 
of the loganberry ; they have leaves with five leaflets, herm- 
aphrodite flowers, are very productive and form perfect fruits. The 
fruits are not quite so large as those of the loganberry, but this 
may be accounted for by the probability of the named srariety 
of R. vitifolius '' The Aughinburgh ” having larger fruits than the 
seedlings of R, vitifolius we used in these experiments. In our 
experiments Fg families have yet to be raised and studied, but the 
characters of the 6X seedlings from R. vitifolius x tetraploid 
raspberry, particularly their hermaphrodite flowers and pinnate 
leaves, strongly support the originally postulated hybrid origin 
of the loganberry. 

The Veitchberry. This liybrid was raised by Messrs. Veitch 
from crossing the November Abundance raspberry by the hedge- 
row blackberry, Rubus rusticanus. The chromosome complement 
of the raspberry November Abundance used may have been either 
diploid or tetraploid. The forms we obtained under this name 
were triploids ; but doubtless these were not the true November 
Abundance. R. rusticanus is a diploid species (2n = 14). The 
veitchberry has twenty-eight chromosomes and is therefore a 
tetraploid which has arisen by hybridisation and chromosome 
doubling, either of one or of both parents. The characters of the 
veitchberry are in several respects interesting, for example, as 
shown in Fig. 57, the raspberry has pinnate leaves, the blackberry 
palmate leaves, while the fully developed leaves of the veitchberry 
are partly pinnate and partly palmate. As in the case of the 
loganberry, the offspring of the veitchberry vary only in minor 
respects (Crane, unpublished). Upon selfing there is no approach 
to either of the parental forms, and upon crossing with other 
species the behaviour of the veitchberry is typically that of a 
species. Thus considering the morphological, genetical and cyto- 
logical results together it is clear that the veitchberry is a fertile 
and constant interspecific hybrid. 

In a previous chapter we have shown that sterility is a common 
result of inter-specific hybridisation, but that chromosome doubling 
invariably restores the fertility of such hybrids. This is due to 
the identical sets of chromosomes, which arise from the duplica- 
tion, being able to pair amongst themselves. Thus if we designate 
the chromosome constitution of the tetraploid veitchberry as 
RRBB, RR representing the raspberry and BB the blackberry 
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complement, and assume that R chromosomes pair with R and B 
with B (aut^osyndesis), then all the gametes will be of the con- 
stitution RB and the chromosomes complex of«the veitchberry, 
RRBB, will be restored at fertilisation. If, on the other hand, 
allosyndetic pairing occurred, some of the gametes would be RR 
and others BB, and 4n parental types RRRR and BBBB would 
reappear in the second generation in addition to RRBB types. 




Fig. 57 

Leaves of A, Raspberry (pinnate); R, Ruhus rusticamis (pahnate) and C, 
Veitchberry, partly palmate and partly pinnate. 

These forms, however, have not appeared in the progeny of the 
veitchberry. It breeds practically true, therefore it must be 
assumed (1) that allosyndesis does not occur or (2) that the only 
effective gametes are those arising from autosyndesis. Minor 
variations which occur in the progeny may be attributed to an 
original heterozygous condition of one or both parents. 

A further example of hybridisation and chromosome duplica- 
tion giving rise to a new form is afforded by the cytological and 
genetic studies on strawberries by Ichijima (1926). From inter- 
crossing the two diploid species Fragaria bracteata and F. Helleri 
Ichijima obtained a tetraploid plant with twenty-eight chromo- 
somes instead of the expected fourteen. This tetraploid plant 
possessed distinct morphological characteristics, and bred true 
instead of segregating and recombining the characteristics of the 
parents. The tetraploid plants may be considered therefore to 
be representatives of a new species — no tetraploid example of 
Fragaria are known to exist in nature. 
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Brasaica v^apocampeatria. From crosses between the turnip, 
Braaaica campeatris (2n = 20), and the swede, Brasaica rvapus 
(2n == 36), Frand^en and Winge (1931) obtained a fertile form. The 
hybrid Braaaica napocampeatris (2n = 56) is in general intermediate 
between its parents and is another example of a constant hybrid 
or new species originating by species crossing and chromosome 
duplication. 

Digitalis mertonensis. The constant hybrid arising from a cross 
between Digitalis ambigua (2n=56) and D. purpurea (2n = 56), 
described by Buxton and Newton (1928) and Buxton and Darhng- 
ton (1931), has larger leaves and flowers than either pprent. This 
new species, D. mertonensis (2n = 112), has double the chromosome 
number of its parents. 

Galeopsis Tetrahit. Miintzing (1930-32) crossed Galeopais 
pubescens (2n=16) with G. speciosus (2n=16). In the Fg a 
triploid plant appeared which to some extent resembled the species 
G. Tetrahit, This triploid was crossed with G, pubescens and gave 
one seedling, a tetraploid (2n = 32). This tetraploid was fertile 
and in all respects similar to G. Tetrahit, The artificially pro- 
duced G, Tetrahit crosses readily with the natural G. Tetrahit 
and gives fertile offspring. 

Saxifraga potternensis, Marsden-Jones and Turrill (1930-34) 
crossed Saxifraga rosacea (2n = 64) with 8, granulata (2n = 48). 
The Fj plants were 2n = 56, and in F 2 they obtained a plant 2n = 80. 
This plant bred approximately true and was named Saxifraga 
potternensis, Philp (1934) from cytological studies concludes that 
8, granulata is hexaploid, S, rosacea octoploid, the Fj heptaploid, 
and 8. potternensis decaploid, probably having arisen from uni- 
lateral failure of reduction. The origin and genetic behaviour of the 
new species 8, potternensis is of interest in view of the possibility 
of the loganberry also originating from unilateral chromosome 
duplication, i.e. from non-reduction of its postulated raspberry 
parent. 

Delphinium Ruysii. This species arose from hybridisation 
between D. nudicaule (2n == 16), and D. elatum (2n = 32). D, Ruysii 
also has thirty-two chromosomes and arose from unilateral 
duplication on the female side (Lawrence, 1936). 

Spartina Townsendii, This species first appeared at the 
edge of Southampton Water in the year 1870. It was suggested 
on morphological grounds that it was a hybrid between the 
local European species 8, stricta and the American species 8, 

B 
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alterniflor a, which had been introduced from America and was grow- 
ing side by side with 8. stricta, 8. alterniflora was first reported 
in Europe Jtt Bayonne in 1803 and near Southampton in 1829, and 
its introduction was attributed by De Candolle (1855) to shipping 
from America. Huskins (1930) found the somatic chromosome 
numbers to be 8. alterniflora (2n = 70), 8. stricta (2n = 56), 8. Town- 
sendii (2n= 126). 8, Townsendii is therefore another example of 

a new species which has arisen from hybridisation and chromo- 
some duplication. It is fertile and breeds practically true ; it 
has spread with great rapidity and in many places has almost 
exterminated the original species 8. stricta. It thus appears to 
have a higher selective value than its parental species. 

Reference to the synthesis of Galeopsis Tetrahit and the 
origin of 8partina Townsendii have been made as they directly 
illustrate how interspecific hybridisation has led to the pro- 
duction of new species in nature, as it does in cultivation. In- 
cidentally the way in which the European and American species 
of 8partina were brought together to give rise to 8. Townsendii 
is analogous to the way geographical barriers are overcome in 
cultivation. 

Precise knowledge of the method of origin of particular poly- 
ploids is often lacking, but it is clear that the functioning of un- 
reduced germ -cells is a frequent method by which new polyploid 
forms, varieties and species arise. But the possibility of cells of 
apomictic origin being fertilised and giving rise to polyploid forms 
must also be considered. For example, in the genus Ruhus, 
apogamy , resulting in 2n maternal offspring, appears to be frequent. 
Again, in this genus many cases of new polyploid forms alleged to 
have arisen from unreduced germ-cells have been recorded. Since, 
however, apogamy occurs the question arises as to whether new 
polyploids always result from unreduced germ-cells, or whether 
they may not also arise from the union of male germ -cells with 2n 
maternal apomictic cells. 

Somatic doubling of the chromosomes also occurs and the 
origin of the tetraploid Primula kewensis (2n = 36) provides a good 
example. As reported by Digby (1912), and later by Newton and 
Pellew (1929), the sterile diploid hybrid between P. floribunda 
(2n=18) and P. verticillata (2n=18) produced a branch with 
fertile flowers. Tetraploid offspring (2n = 36) which bred approxi- 
mately true were obtained from this branch, which had double the 
chromosome number of the rest of the plant tissue. 
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In Streptocarpus i/he species grandis was crossed with a garden 
hybrid (Lawrence). The Fi plants practically identical in 

all characters aijd completely stiCrile, no seed being obtained after 
many attempts. Finally a capsule developed from natuial pol- 
lination. F 2 plants raised from these seeds were identical with 
the Fi except that they were larger in all their parts, and fertile. 
Cytological examination showed that the cliromosome number of 
the two parent forms was 2n = 32, and that of the fertile forms 
2n = 64. In this case, therefore, chromosome duplication occurred 
in the somatic tissue, a phenomenon which has since been twice 
repeated in this particular sterile hybrid. The strain of fertile 
tetraploids is highly decorative and has been named Merton Giant. 
No other tetraploids are known in the genus. 

A number of examples of somatic duplication were found by 
Blakeslee and Belling (1924). On several occasions, mainly after 
low temperature treatment, they found tetraploid (2n = 48) 
branches on normal diploid plants of Datura Stramonium. These 
branches gave tetraploid offspring. Branches were also found 
with an aneuploid chromosome constitution, i.e. 2n :i: 1. Somatic 
duplication has also been reported in Nicotiana (Clausen and 
Goodspeed, 1925). Nicotiana glutinosa (2n = 24) was crossed with 
N . Tabacum (2n = 48). This cross normally gives triploid hybrids 
(2n = 36). One Fi plant, however, was found to be hexaploid 
(2n= 72) and is believed to have doubled its number of chromo- 
somes after fertilisation. This hexaploid is known as N, digluta. 
The bud-sports of the Fertility and Bartlett varieties of pears, 
referred to in Chapter VII, are also examples of somatic doubling, 
and polyploid somatic cells have frequently been observed in many 
plants. 

During recent years attempts have been made to accelerate 
mutations and to induce polyploidy by artificial means. Chemicals, 
extremes of temperature, X-rays and other radiations have all 
been used to induce or accelerate the rate of mutation. Baur 
(1931), for example, found in Antirrhinum that as many mutations 
occurred in the year following X-ray treatment as had occurred 
in the whole of the previous twelve years. Polyploids have also 
been deliberately produced by decapitation, wounding, etc. In a 
number of species of Solanum, somatic doubling of the chromo- 
somes is found to be readily induced by the decapitation method 
(Winkler (1916), Jorgensen and Crane (1927) and Jorgensen (1929).) 
It has also been reported by Shchavenskaya (1937) that by a 
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similar method tetraploids have been obtained in Brasaica and 
Pdargbnium, 

Recently colchicine has been successfully ,used to induce 
chromosome duplication, Blakeslee and Avery (1937). By treat- 
ment with the same chemical Nebel and Buttle (1938) have 

obtained tetraploid 
forms of Marigold, 
Tomato, Dianthus and 
other plants. These 
authors have shown 
that the action of col- 
chicine is to inhibit 
spindle formation thus 
leading to cells with the 
doubled chromosome 
number. Dianthus 
plants were treated in 
the early cotyledon 
stage with 0-4 per cent 
solution for seven hours. 
Tomatoes were treated 
with colchicine in aque- 
ous solution and with 
colchicine in lanolin, 
and from all treatments 
tetraploid shoots were 
obtained. Cuttings of 
Tradescantia were 

Showing the origin of the Rubi RT 2, RT 3 and treated with 0*2 per Cent 
RT 4. (After Crane and Darlington, 1927.) 

control, untreated cuttings, the number of pairs of chromo- 
somes at metaphase was uniformly six. In most of the treated 
cuttings cells with twelve pairs of chromosomes occurred, and 
occasionally cells with twenty-four pairs were found. 

The possibilities of obtaining fertile progeny from cross- 
breeding in polyploid genera are often limited by the numerical 
relations of their chromosome complements. For example, the 
offspring from a diploid crossed with a tetraploid will be triploid, 
and those from a tetraploid crossed hexaploid will be pentaploid 
and usually highly sterile, but, as we have already described, 
exceptional seedlings may occasionally arise from such crosses, 


R rosticanus 


K.thyrsiger 



2n = 21 
(ABC) 


r 

* i t 

2n.= 21 

(ABC) 

Fig. 58 




2n= 28 

(AABC^ 
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and the following are further imtanceB When we crossed Rubus 
rusticanus inermis, a diploid species with fouiteen chromosomes, 
with Rubus thytsiger, a tetraploid species with twenty-eight, we 
obtained four seedlings. Three of these were triploids arising 
from the addition of seven rusticanus and fourteen thyrsiger 
chromosomes, the haploid or reduced number for each species, 
and, as would be expected, these seedlings were highly sterile. The 




Fig. 59 

Sister se^edlings, RTS (2n — 21), RT4 (2n —28), from the cross R. rusticanus inermia 
(2n = 14) X M. thfjrsiger (2n —28). (After Crane and Lawrence, 1931.) 

other seedling had twenty -eight chromosomes, and arose from the 
functioning of an unreduced egg of its mother, whereby the full 
chromosome complement of rusticanus (fourteen) combined with 
the haploid complement of thyrsiger (also fourteen) to give rise 
to a tetraploid plant with twenty-eight chromosomes (Fig. 58). 
This tetraploid seedling, named ‘‘ John Innes is highly fertile 
and very productive, and contrasts sharply with its sister triploid 
seedlings, which only set occasional drupels (see Fig. 59). 

In such cases as the above, where the sexual process is essential 
for the purpose of obtaining either seed or fruit, fertility is of the 
first importance. But in ornamental plants which can be readily 
reproduced asexually, sterility may not necessarily concern the 
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practical grower. Indeed, in some respects it may be rather an 
asset than otherwise. For example, many of the Japanese cherries 
which are grown for a display of flowers are triploid and highly 
sterile. They do not expend energy and exhaust themselves in 
the production of heavy crops of fruit, and as a result they 
invariably flower abundantly year after year. The same applies 
to many other vegetatively propagated ornamental trees, shrubs 
and herbaceous plants. 

The consequences of the different methods of origin of plants 
are seen in various ways, and, when we compare the studies of 
the systematist, the geneticist and the cytologist, a striking 
parallelism is frequently evident in their results and conclusions. 
Thus the systematist long ago found that he could satisfactorily 
classify the variation within Prunus persica according to whether 
individuals had smooth or hairy fruits, eglandular or glandular 
leaves, small or large flowers and so on. The geneticist found 
that the mode of inheritance of these characters conformed to the 
comparatively simple mendelian rules ; and the cytologist found 
Prunus persica to be a simple diploid plant with two sets of eight 
chromosomes. At the other extreme, numerous attempts have 
been made to provide a really satisfactory classification of apples, 
Malus malus, but systematists continue to find such a classification 
an involved and difficult task. The geneticist and practical 
breeder are likewise beset with many problems, and find our 
cultivated apples difficult to analyse ; and, finally, the cytologist 
has found them to be secondary polyploids with a complex nuclear 
constitution. 

It is not only in respect to morphological characters that such 
differences are seen, but also in the chemical and physiological 
processes of plants. Thus, as we have shown in Chapter IX, 
sexual incompatibility, both in inheritance and in its phenotypical 
behaviour, is a comparatively simple phenomenon in the diploid 
cherry, Prunus avium ; it is more complex in the hexaploid plum, 
Prunus domestica, and most involved in the secondarily polyploid 
apple. A comparison of the early seedling growth of diploids and 
polyploids is again often of interest. In seedlings of diploids such 
as the sweet cherry, peaches and nectarines there is no period of 
juvenile growth comparable to that found in the polyploid plums, 
apples and pears. The leaves of seedling cherries and peaches 
are of course smaller during the early weeks of growth, but after 
a few months their leaves are practically as large as those of 



XI THE ORIGIN OF NEW AND IMPROVED FORMS 241 

established specimens twenty or more years old. In plums, 
apples and pears, however, there is it proiopged juvenile period 
of growth, characterised by small leaves and a semi-spinous habit, 
which seedlings have to grow out of before flowers ana fruits 
are formed. In our experience cherries and peaches come into 
bearing at an earlier age than plums, and plums usually grow out 
of the juvenile condition quicker than apples and pears. 

Although exceptions occur, it is a commonplace to find a more 
complex and wider range of variation in polyploid species, and 
specially in high polyploids than in diploids ; compare, for example, 
the variation within the diploid Prunus divaricata ard the tetra- 
ploid Prunus spinosa with that in the hexaploid Prunus domesHca, 
also the variation within the tetraploid species of Dahlia with 
that of the octoploid D. variabilis. Again, variation is, as a rule, 
sharply discontinuous in diploid plants, but in polyploids it is 
often more of a continuous nature, owing to the presence of a 
greater number of gene differences. As we have shown in previous 
chapters, where two or more genes govern the expression of the 
same character, as is common in polyploids, their effect is often 
cumulative, and consequently a given character may intergrade 
from one extreme to the other. Although new forms and species 
which arise from interspecific hybridisation reproduce themselves 
as new and distinctive types, great variation may occur sub- 
sequently as a result of recombination and interaction of the many 
different genes brought together. These are the kinds of complica- 
tions which have frequently caused practical breeders of plants to 
doubt the truth of the mendelian theory of heredity. The simple 
ratios and simple laws of inheritance they have been led to expect, 
from the early investigations with such diploid plants as the sweet 
pea, Chinese primrose, etc., did not seem to apply to such plants 
as dahlia, chrysanthemum, carnations, plums and apples. The 
phenomenon of dominant and recessive characters was often 
obscure, and simple segregation was not always evident. How- 
ever, as we have previously pointed out, in the case of polyploids 
where a number of cumulative and differential genes may govern 
the same character, the expression of dominance is essentially 
more variable. Indeed, certain balances may suggest that a 
character is recessive, whereas others may point to dominance. 
Since the complexity of the nucleus and the manner of chromo- 
some pairing is reflected in the range and nature of the variation 
and in the mode of inheritance of characters, the practical breeder 
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must expect to find different degrees of complexity in the hereditary 
behaviour of plants. 

The action and cumulative effects of genes are well illustrated 
by the investigations of Mangelsdorf and Fraps (1931) relating 
to the number of genes for pigmentation in the cells of the endo- 
sperm and the amount of vitamin A in the seed of maize. As in 
most of the angiosperms, the endosperm of maize results from a 
sexual fusion in which two maternal nuclei combine with one 
male nucleus. The endosperm is therefore triploid in its chromo- 
somal constitution, and this permits of four classes of seed differ- 
ing in the proportion of dominant and recessive genes. Hence in 
respect of the factor for yellow pigmentation, the cells of the 
endosperm ipay have none, one, two or three genes for yellow 
pigment with the corresponding constitution yyy, yyY, yYY, 
YYY. These four classes are approximately white, pale yellow, 
dilute yellow and deep yellow respectively. By making ap- 
propriate pollinations these four classes of seeds were obtained, 
and their vitamin assay determined by feeding to albino rats. 
The results obtained from experiments carried out in 1928 showed 
a high degree of association between the number of Y genes 
present in the endosperm and the number of units of vitamin A 
per gram of the material. The experiments were repeated in 
1929 and again an almost complete association was shown. The 
average results for the two years were as follows : 


TABLE XLIII 


No. of Genes for yellow 

Factorial Composi- 
tion of Endosperm 

Units of Vitamin A per gram j 

1028 

1920 

Average 

0 

yyy 

006 

0-05 

0-05 

1 1 

yyY 

2-50 

200 

2-26 

> 2 

yYY 

6-00 

500 

500 

! 3 

i 

YYY 

700 

8-00 

7-50 


These results show, firstly, that a white-seeded variety of maize, 
the endosperm of which ordinarily has little or no vitamin A, 
is capable of forming this substance in its seeds if the gene for 
yellow pigmentation is introduced, the only difference in the seeds 
being in the microscopic pollen nuclei which entered to produce 
the endosperm. Secondly, the results show that there is a direct 
quantitative relationship between the number of genes for yellow 




, Ruhu8 thornless (tetraploid). 2n =28. B, Rubns rusHcartns ine'nnis (diploid). 
From R. lusticanus inertnis x R, thyrsiger. 
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in the cells of the endosperm and the amount of vitamin A in the 
seed, each gene for yellow inducing approximately 2*5 units of 
vitamin A' per gram of seed. 

In the apple there is a considerable variation in the vitamin 
C content, both among the diploid and triploid varieties, and 
there is some evidence (Crane and Zilva, 1932) that an association 
may exist between the chromosome number and the amount of 
antiscorbutic vitamin present. 

When polyploids are compared with diploids an increase in 
size is frequently evident. For example, the tetraploid forms of 
Primula sinensis, Primula kewensis, Campanula Telham Beauty, 
the triploid tulips and hyacinths, the tetraploid pears, and the 
octoploid garden strawberries are much larger than the cor- 
responding diploid forms. In the genus Iris, Simonet (1929-32) 
found a correlation between the size of the flower and the chromo- 
some number. Thus Iris variegata, 2n, has a comparatively small 
flower, whilst in the varieties Isoline, 3n, Altair, 4n and Magnifica, 
5n, the flowers are larger as the chromosome number increases. 
A further example of increase in size accompanying polyploidy 
occurred when we crossed the small diploid blackberry Rubus 
rusticanus inermis with the tetraploid species R. thyrsiger. The 
exceptional Fi tetraploid seedling from this cross, to which we 
have previously referred, gave a proportion of Fg seedlings without 
prickles like R. rusticanus inermis, and, as shown in Fig. 60, these 
tetraploid forms without prickles are much larger than the diploid 
form of inermis in all characters. In the tetraploids a degree of 
sterility is expressed in slightly imperfect fruits, but with further 
breeding it should be possible to obtain fully fertile tetraploids 
without prickles and with perfect fruits. Since the original edition 
of this book appeared, a further generation of these prickleless 
tetraploids has been raised (see Fig. 61) and, as predicted, among 
them are appreciably more fertile forms. 

During the past two or three decades considerable progress 
has been made in the breeding of agricultural crops for specific 
purposes. A notable achievement was the breeding of bread 
wheat for resistance to rust. At the present time much breeding 
work is being done with horticultural crops in an attempt to 
combine such characters as early maturity, resistance to cold, 
drought, disease, etc., with size, quality and other desirable 
characters. One of the earliest investigations of this kind was 
begun by the late Dr Saunders in Canada, Saunders’ problem, 




Fig. 61 

Rubus Merton Thornless (2n = 28), F 3 from Rubus rusticanus inermis (2n = 14), 
crossed Rnhus thyrsiger (2n = 28). This character segregates approximately 22 
plants with thorns to 1 thornless, see pages 37 and 38. 
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as described in his report (1911), was to combine the desirable 
characters of cultivated apples, which are too tender to with- 
stand the extreme cold of parts of Canada, 'with hardiness. 
He began his experiments in 1887 by obtaining from Russia 
seeds of the small Siberian crab Malua baccata, which flourishes 
in such extreme temperatures as minus 30^ F. The seedlings 
raised proved to be completely hardy in Canada. In 1894, 
whep the seedlings of Malm baccata began to flower, Saunders 
made crosses between them and many of the cultivated varieties. 
About 800 of the cross-bred seedlings were raised and the best of 
them were tested in the cold prairies of the Canadian North- 
West and proved to be hardy. The fruits of these seedlings, 
although comparatively small, were from twelve to fourteen times 
larger than the fruits of M. baccata. Saunders back -crossed 
some of these Fj seedlings with the large -fruited cultivated var- 
ieties and raised several hundred more seedlings. Among these 
back-crossed families hardy seedlings appeared with fruits of 
pleasant flavour and a far greater size than those previously 
raised. It is therefore evident that hardiness in the apple is 
transmissible, and there is no obvious reason why further breed- 
ing experiments, being continued by Saunders’ successors, should 
not give rise to even better hardy varieties of apples. 

Experiments we are carrying out in conjunction with the 
East Mailing Research Station have shown that the resistance to 
the apple woolly aphis, Eriosoma lanigerum, possessed by the 
variety Northern Spy is a heritable character. In families raised 
from crossing this immune variety with some of the susceptible 
Paradise root-stocks, both immune and susceptible seedlings occur, 
as shown in Fig. 62. As a result of these investigations. Crane, 
Greenslade, Massee and Tydeman (1936) show that the hereditary 
behaviour of immunity to the woolly aphis is complex and in 
several respects exceptional. Seedlings in the same family grade 
from high susceptibility to complete immunity as follows : — 

Group I. Immune. 

,, II. Infections slight, not permanent. 

,, III. Attack slight, but small colonies and small glands form. 

„ IV. Whole seedling attacked; severe infestation, but late in 
year. 

,, V. Seedlings killed by severity of attack. 

Some crosses between susceptible and immune gave all susceptible 
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offspring. At the othfer extreme, the highest proportion of immune 
seedlings, 47 per cent, was obtained by crossing susceptible with 
immune, whereas 33 per cent was the highest proportion of 
immune obtained from crossing immune with immipie. An 
analysis of the results shows that the susceptible forms are 
genetically of different kinds ; some possess factors coticemed 
with immunity, others do not. The immunes are also of different 



With ucknowkdyments to Mr. A. M. Maasee. 


Fig. 62 

Apple seedlings : A, immune ; B, susceptible to Woolly Apliis. Raised from 
Doucin susceptible, crossed Northern Spy, immune. 

From 71ie Apple, by Sir Daiiit*! Hall, K.C.B,, F.K.S., ami M. B. Crane, 
by rourtosy of Messrs. Martin Hopkinson, Ltd. 

kinds, and amongst the crosses so far made the immune variety 
Northern Spy has a higher value in respect of the hereditary 
transmission of immunity than any of the other immune varieties 
used. It is tentatively concluded that the immunity of apples to 
the attack of the woolly aphis is determined by and dependent 
upon a certain balance of genetic factors and that it is governed 
by a number of genes, the action of which is in part complementary 
and in part cumulative. 

The woolly aphis is a stem and root feeder and in some parts 
of the world it is particularly difficult to control, owing to the 
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fact that at all times of the year the insect may live both in the 
branches and on the roots of the trees. Therefore, if the branches 
are cleaned of the pest by spraying or other means, reinfection is 
liable to follow from the roots. In this country root infestation 
is rare, but in some countries, such as Australia, South Africa and 
parts of the United States, root infestation is often serious. The 
feeding of the aphides gives rise to galls which may retard or even 
kill the young growth of trees. They also provide entry for fungi, 
and render young trees unsaleable. The primary aim of the 
present experiments is to obtain rootstocks possessing the neces- 
sary pomological characters which are also immune to the attacks 
of the. woolly aphis. Since, however, immunity has been shown 
to be a heritable character there is no reason why it should not 
be combined with vigour of growth, fruit colour, size and other 
characteristics which determine a good cultivated apple. 

According to Baur (1931), the profitableness of the grape- 
growing industry in Germany has been almost wholly destroyed by 
Phylloxera and Plasmopara, the vine louse and vine mildew, 
and the cost of fighting these pests amounts to between thirty 
and fifty million marks annually. In an attempt to obviate 
this heavy expenditure Baur initiated large-scale investigations 
at the plant-breeding station at Miincbeberg and the Institute 
for Phylloxera Research at Naumberg. The object was to breed 
grapes which combined high quality with resistance to the two 
pests. In North America varieties of the vine Vitis rupestris 
are resistant both to Phylloxera and Plasmojpara, but the berries 
are poor in quality. The ru'pestris varieties can, however, be 
crossed with the high quality varieties of the susceptible European 
grape vine Vitis vinifera. Baur states that the hybrids between 
these species are perfectly fertile, and that among the numerous 
types which segregate in the subsequent generations it is expected 
that some few types will occur representing the ideal combination 
of absolute resistance to Phylloxera and Plasmopara on the one 
hand, and high quality of vinifera berries on the other. Baur 
(1931) stated that in a search for these types about 500,000 
seedlings are grown annually at the Miincheberg Institute. In 
a more recent publication (1933) five to ten millions was stated 
to be the number of seedlings grown. All the seedlings are arti- 
ficially infected and tested fov Plasmopara, and only the few which 
prove absolutely resistant are retained. These are grown on and 
their vigour and fruit qualities determined. Selected seedlings are 
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then passed on to the Phylloxera Research Station to enable them 
to be tested for resistance to Phylloxera- Baur stated that the 
work was very expensive, but he calculated that in about ten 
years the desired types would have been found, and the ejiormous 
annual expenditure on spraying, etc., rendered unnecessary. 

The exhaustive plant-breeding experiments being carried out 
by Vavilov and his colleagues in the Soviet Union have recently 
been reported upon in a joint publication of the Imperial Bizreaux 
of Plant Genetics (1933). Realising the limitations and inade- 
quacy of the material at their disposal, the Soviet breeders have 
sent expeditions to many parts of the world and have made 
an unrivalled collection of plant-breeding material. Among the 
numerous horticultural crops they have under investigation are 
cabbages, peas, beans, potatoes, artichokes, tomatoes, carrots, 
beets, onions, melons, strawberries, raspberries, gooseberries, 
pears, apples, cherries, currants, peaches and grapes. The aims 
of these exhaustive experiments include breeding for the improve- 
ment of quality, early and late maturity, resistance to cold, 
drought, and disease, and many other purposes. The economic 
aspects of sterility and incompatibility, the induction of mutations 
and polyploidy and the practical possibilities of certain forms of 
plant chimaeras are also being investigated. The report on their 
investigations is in many ways unique, and, as a result of their 
systematic study of plants on a world scale, it is clear that many 
possibilities remain in the field of plant breeding. The follow- 
ing quotation from Vavilov, with reference to the potato, shows 
the far-reaching possibilities of the matei ial they have collected : 

Our ideas of such plants as the potato have been entirely 
revised, the whole work of breeding and genetics having been 
formerly based on one Linnean species (Solanum tuberosum), 
whereas the expedition to South America disclosed the existence 
amongst the cultivated potatoes at its original home of no less 
than thirteen well-defined Linnean species, many of which are 
of great practical interest. These species differ from one another 
in chromosome number, morphological and physiological char- 
acters and area of distribution. They contain species and forms 
extremely resistant to diseases and frost. The potatoes formerly 
known to geneticists and breeders were only fragments of one 
species, collected at random by the first travellers, and on these 
the whole of the breeding and genetic work of the nineteenth 
and the beginning of the twentieth century has been based.” 
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The improvement of plants by systematic breeding and selec- 
tion is often a long process, since in the breeding of a new character 
there are so many others which must not be overlooked. It may 
be quite possible to breed a plant possessing resistance to a certain 
disease, but if, in the process, desirable characters are lost or 
adversely modified, e.g. quality and yield, the new plant may be 
valueless to the grower, even though it is completely immune to 
a troublesome disease. Again, a plant may be produced which is 
eminently suitable for localised areas but unsatisfactory in others. 
At the present time throughout the world much effort is being 
concentrated on breeding for disease resistance, and much has 
been accomplished in breeding plants resistant to drought and 
extreme cold. In America a profitable investigation has been the 
breeding of tobacco plants with a very high nicotine content, for 
use as a source of a valuable insecticide. In Germany, and later 
in Russia, the breeding of lupins which are free of poisonous 
alkaloids has provided a new and important forage crop. This 
achievement is all the more valuable since the lupin thrives on 
poor, light, sandy soils upon which most crops are unprofitable. 

To give an outline of the breeding of plants for economic 
purposes and the achievements attained would require a large 
manual to itself, but it will be evident from the few examples 
given above that even a moderate improvement attained by 
breeding may run into huge sums in the economy of a nation. 

In an earlier chapter we described how the phenomenon of 
hybrid vigour was being utilised in certain agricultural crops. It 
is highly probable that the increase in yield and other advantages 
which are associated with hybrid vigour could be successfully 
utilised in a number of horticultural plants. Since, however, 
hybrid vigour is at a maximum in the generation immediately 
following a cross, the cost of producing cross-fertilised seed by 
artificial pollination may in some cases render its use unprofitable. 
Where, however, the sexes are borne on different plants, or on 
different flowers, as in the cucumber, crossed seeds are easily 
obtained. In the tomato, where numerous seeds are obtained 
from each pollination, the production of crossed seed should not 
be too costly for it to be practised commercially. The capital 
outlay and the cost of growing these crops under glass is very 
high, and any appreciable increase in yield would well repay the 
extra cost of producing cross-fertilised seed. 

From the details given in this chapter it is clear that mutation, 
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polyploidy and hybridisation are fundamental to plant improve- 
ment. They are the principal causes of variation and the process 
by which evolution continues, and real progress in plant breeding 
depends ultimately on the acquisition of knowledge which will 
lead to the control of these processes. 


s 




APPENDIX I 


CHROMOSOME NUMBERS OF CULTIVATED PLANTS 

In this Appendix are given the chromoiome numbers of the species and 
varieties of plants mentioned in the text. In some cases the numbers 
of additional related species are given. 

As shown in the text, in most genera series of multiples of a Common 
basic number occur as a result of chromosome multiplication. In 
some genera, such as Verbena and Braasica, more than one basic number 
is found. The basic number is denoted by the letter x. The somatic 
number of the plant is represented by 2n ; thus the germ-cell number, 
where this is a regular one, will be n. Where 2n is an odd multiple 
of X, as in triploids, pentaploids, etc., and in aneuploids, no regular 
value can be given for n, nor, as described in the text, can such forms 
breed true by sexual reproduction. The possibility of error in recent 
determinations of chromosome number is slight, and where more than 
one number has been given for one species or variety this may be due 
to inaccurate naming of the material, or to the occurrence of two or 
more chromosome numbers within the species. 

For particulars of the material examined, reference must be made 
to the original papers ; or for British species, to the Merton Catalogue 
(New Phytologist, 1938). In most cases they are referred to in the 
text and cited in the Bibliography (Appendix III). 



2n 


2n 

ABU TI LON x-8 


AESCULUS x-2(> 


hybridum 

16 

H Ippocastanu m 

40 

striatum 


Pavia 

40 

var. Thomson! i 

16 

X carnea 

80 

ACONITUM x-8 


ALLIUM x=8 


heterophyllum 

16 

Cepa (onion) 

16 

paniculatuni 

16 

Porrum (leek) 

32 

variegatum 

16 



vulparia 

16 

ANCHUSA x=8 


X sterile 

24 

Barrelieri 

16 

X Stoerkianum 

24 

capensis 

16 

Author a 

32 

hyhrida 

16 

chinense 

32 

officinalis 

16 

Napellus 

32 

ochroleuca 

24 

palmatum 

48 

italica 

32 

Wilsoni 1 

64 

var. Dropmore 

32 


253 



264 


THE GENETICS OF GARDEN PLANTS 



2n 


2n 

ANGHUSA — continued 


GHR YSANTHBM UM 


italica — continued 


x=9 


var. Opal 

32 

carinatum 

18 

Pride of Dover 

32 

coronarium 

18 



japonicum 

18 

ANTIRRHINUM x=8 


segetum 

18 

Linkianum 

16 

alpinum 

36 

majus 

16 

indicum 

36 



Leucanihemum 

36 

APIUM x = ll 


hakuaanense 

54 

graveolena (celery) 

22 

morifolium 

54 



Decaiseneanum 

72 

ARABIS x=8 


arcticum 

90 

albida 

16 

marginatum 

90 

alpina 

16 



hirsuta 

32 

CIGHORIUM x=9 




Intybus (chicory) 

ca. 18 

BERBERIS x=14 




Darwinii 

28 

G REP IS x=4 


empetrijolia 

28 

dioscoridis 

8 

Veitchii 

28 



buxifolia 

56 

GROGUS 

i 

BETA x=9 


vernua 

8,18,19 

maritiyna 

18 



vulgaris (Beet) 

18 

cue U MIS x=12and7 




Melo (melon) 

24 

BRASSIGA x=9 


sativus (cucumber) 

14 

oleracea (cabbage) 

18 



V. capitata 

18 

CUCURBIT A x=20 


Napus (Swede) 

36 

Pepo (marrow) 

40 

X =10 




campestris 

20 

CYDONIA x=17 


Rapa (turnip) 

20 

japonica 

34 

X napo -campestris 

56 

Maulei 

34 



vulgaris (Quince) 

34 

GALLISTEPH US x = 9 




chinensis 

18 

CYTISUS x=12 




Adami 

48 

GAMPANULA x=8 


purpureus 

48 

nitida 

16 



peraicifolia 

16 1 

DAHLIA x=8 


var. Telham Beauty 

32 

coccinea 

32 



coronata 

32 

GHEIRANTHUS x=7 


imperialis 

32 

Gheiri 

14 

Maxoni 

32 

cinereus 

28 

variabilia 

64 

Allionii 

42 

Merckii 

36 
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2n 


2n 

DATURA x-12 


HYAGINTHUS^contmued^ 

1 

Stramonium 

24 

orientalis — continued 

1 



var. Lord Ba]h»iir 

24 

DAUGUS x=9 


Moreno 

j 24 

car Ota sativa (carrot) 

18 

Queen of the 



Pinks 

24 

DIGITALIS x=7 


LTnnooonce 

27 

amhigua 

56 

La Grandesse 

To tula 

1 28 

30 

purpurea 

mertonensis 

56 

112 

ameihystinus x — 1 2 

24 



HYDRANGEA x-:18 


DELPHINIUM x=8 


arhorescens 

36 

nudicaule 

datum 

hybridum 

16 

32 

32 

paniculata praecox 
petiolaris 

72 

36 

X Ruysii 
belladonna 

32 

48 

i 

IRIS x-12 

1 

pallida 

24 



variegata 

24 

EUCHLAENA x=10 

20 

cypriana 

48 

mcxicana 

macrantha 

48 



rnesopotamica 

48 

FRAG ARIA x-7 


trojana 

48 

vesca 

14 

var. azurea 

36 

semperjiorcns 

14 

Isoline 

36 

elatior 

42 

Altair 

48 

chiloensis 

56 

Magnifica 

60 

virginiana 

56 

X -10 




chawnciris 

40 

GALEOPSIS x=8 


olbiensis 

40 

pubescens 

16 

x-11 


speciosa 

16 

albicans 

44 

Tetrahit 

32 

gcrmanica 

44 



kochii 

44 

HYAGINTHUS x-8 




orientalis 


KNIPHOFIA x-6 


var. Hofdijk 

16 

corallina 

12 

Homerus 

16 



L’Unique 

16 

LAGTUGA x-9 


Marchioness of 


sativa (lettuce; 

18 

Lome 

16 

scariola 

18 

Roi des Beiges 

16 



Spring Glory 

16 

LATHYRUS x -7 


Yellow Hammer 

16 

odoratus 

14 

Grand Maitre 

24 



King of the Blues 

24 

LENS . x=7 1 


Lady Derby 

24 

esculenta (lentil) 

14 
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2n 


2n 

LEUCOJUM x=ll 


MATTHIOLA * x=7 


aestivum 

22 

incana 

14 

LILIUM x=12 


NARCISSUS x=7, etc. 


auratum 

24 

bulbocodium 

14, 35 

candidum 

24 


42 

chakedonicum 

24 

poeticus 

14,21 

croceum 

24 


28 

longiflorum 

24 

Pseudonarcissus 

14 

Martagon 

24 

incomparabilis 

14,21 

regale 

24 

J onquilla 

14 

speciosum 

24 

polyanthus 

24 

tigrinum 

24, 36 

Tazetta 

20, 22 




30, 32 

LIN ARIA x-6 




reticulata 

12 

NASTURTIUM 




x -16 


LINUM x-8, 9, otc. 


officinale (watercress) 

32, 48 

grandiflorum 

16 


64 

perenne 

18 



usitatissimum 

30 

NEMESIA x ^ 9 




strumosa 

18 

LUNAR! A x-15 




annua 

30 

NICOTIAN A x-12 




glutinosa 

24 

LYCOPERSICUM x-12 


Tahacuni 

48 

esculentum 

24 

gigas 

96 

gigaa 

48 

digluta 

72 

pinipinellifoliwn 

24 

x=9 


racemigerum 

24 

Sanderae 

18 

LYTHRUM x-5 


OENOTHERA x=:7 


salicaria 

30, 50 

muricata 

14 

MALUS x=17 


PAEON I A X =5 


haccata 

34 

anomala 

10 

coronaria 

34 

Delavayi 

10 

var. 

68 

suffruticosa 

10 

florihunda 

34 

M lokosewitschii 

10 

malm 

34 

obovata japonica 

10 

(see tables, 37, 38) 

51 

albiflora 

10 

N iedzwetzkyafia 

34 

var. The Bride 

10 

prunifolia 

34 

Clairotte 

10 

pumila 

34 

Whitleyi major 

10 

Sargentii 

34 

Primevere 

10 

var. 

68 

James Kelway 

10 

silvestris 

34 

Bakeri 

20 
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2n ^ 

PAEON I A — continued 


peregrina 

20 

officinalis 

20 

sessili flora 

20 

tomentosa 

20 

Willmottiac 

20 

PASTINACA X - 1 1 


sativa (parsnip) 

22 

PEL A RGONl UM x -- 9 


hortorum 

18 

zonale 

18, 36 

roseuni 

72, 144 

PETUNIA x=7 


violacea 

14, 28 

nyctaginiflora 

14 

PHASEOLUS x=ll 


multifloriLS (bean) 

22 

vulgaris 

22 

PHILADELPHUS x=13 


coronaritis 

26 

microphyllus 

26 

PI SUM x-7 


sativuyn (pea) 

14 

var. ^arvense 

14 

PRIMULA x=9 


florihunda 

18 

verticillata 

18 

hewensis 

18, 36 

X =11 


acaulis 

22 

elatior 

22 

J uliae 

22 

officinalis 

22 

X =12 


sinensis 

24, 48 

PRUNtJS x=8 


amygdalus 

16 

armeniaca 

16 

avium 

16 


PR U N US — conf inued 


divaricata 

16 

decumana 

16 

muhaleh 

16 

persica 

16 

tomentosa 

16 

Mume 

16, 24 

nana 

16, 24 

crntabrigiensis 

32 

cerasus 

32 

avium x cerasus (Duke 


cherries) 

32 

spinosa 

32 

domestica 

48 

insititia 

48 

PYRUS x=17 


Galleryana 

34 

communis 

34 

(see tables 39, 40) 

51,68 

nivalis 

34 

serotina 

34 

sinensis 

34 

RAPHANUS x=9 

1 

sativus (radish) 

18 

RESEDA x=6 


odorata 

12 

RHODODENDRON 


X =13 


i all species counted 

26 

RIBES x=8 


Grossularia 

16 

inermis 

16 

rubrum 

16 

nigrum 

16 

ROSA x=7 


acicularis 

14, 42 
56 

Banksiae 

14 

cinnamomea 

14 

Davidii 

14 

Hugonis 

14 
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ROSA — continued 


moschata 

14 

mtiUiflora 

14 

polyantha 

14 

rugom 

14 

Wiohuriana 

14 

WiUmottiae 

14 

centifolia 

28 

grandifipra 

28 

laxa 

28 

pi mpinellifolia 

28 

canina 

35 

rubiginosa 

36 

Moyesii 

42 

RUBUS x=7 


idaeus 

14 

obticsifoHus 

14 

rusticanua 

14 

inermis 

14 

neglectus 

Mahdi (raspberry x 

14 

blackberry) 

21 

laciniattis 

28 

nitidioides 

28 

thyrsiger 

procerus (Himalaya 

28 

berry) 

28 

John Innes (ruMicanus 
inermis x thyrsiger) 
Veitchberry (raspberry x 

28 

blackberry) 

28 

Loganberry 

Laxtonberry (raspberry x 

42 

loganberry) 

49 

cJhamaemorus 

56 

vitifolius 

56 

RUDBEGKIA x=]9 


hirta 

38 

SAXIFRAOA x=8 


granulata 

48 

rosacea 

64 

potternensis 

80 

SEC ALE x=7 


cereale (rye) 

14 



2n 

SPARTINA , x=7 


stricta 

66 

alterniflora 

70 

Townsendii 

126 

SOLAN UM x=12 


aracpapa 

24 

Bukasovii 

24 

Caldasii 

24 

chacoense 

24 

J amesii 

24 

\ Melongena (aubergine) 

24 

muricatum 

24 

polyadenium 

24 

ruderale 

24 

tuberosum (potato) 

24, 36 
48 

cardiophyllum 

36 

Commersonii 

36 

coyoacanmn 

36 

medians 

! 36 

acaule 

36, 48 

ajuscoense 

48 

Antipovichi 

48 

Fendleri 

48 

luteum 

48 

palustre 

48 

edinense 

60 

dejnisstim 

72 

nigrum 

72 

STREPTOCARPUS x - 15 


caulesccns 

30 

Kirkii 

30 

Holstii 

30 

Saxorum 

30 

x = 16 


Dunnii 

32 

Oardenh 

32 

gracilis 

32 

grandis 

32 

Haygarthii 

32 

polyanthus 

32 

Rexii 

32 

Wendlandii 

32 

garden hybrids 

32 

Merton Giant 

64 
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2n 


2n 

TOLMIEA qX=14 


VERBASCUM x=8 


Menziesii 

28 

Blattaria 

32 



phlomoides 

32 

TRITICUM X - 7 


phoeniceum 

32 

monococcurn 

14 

Ternacha 

48 

durum 

28 

maururi 

64 

vulgar^ 

42 





VERBENA X -6 


TBOFAEOLVM x=14 


chamaedrifolia 

10 

rmju8 

28 

erinoides 

?0 



hybrida 

10 

TULIP A x=12 


radicans 

10 

australis 

1 24 

teucrioides 

1 10 

Batalin 1 

i 24 

ambrosifolia 

! 30 

hiflora 

24 

ccinadxnsis 

30 

Clusiana 

24, 48 

racemosa 

30 


60 

tenera 

30 

chrysantha 

24, 48 

x-7 


Eichleri 

24 

hispida 

14 

Fosterinna 

24 

officinalis 

14 

Qreigii i 

24 

prostrata 

14 

Gesneriana 

24, 36 

stricta 

14 

Kaufmanniana 

24 

bonariensis 

28 

linifolia 

24 

litoralis 

28 

montana 

24 

venosa 

42 

viokicea 

24 

corymhosa 

56 

stellata 

24, 48 



saxatilis 

36 

VIGIA x-6 


praecox 

36 

Faba (broad bean) 

12 

lanata 

36 

sativa 

12 

silvestris 

48 



turkestanica 

48 

VIOLA x = 13 




tricolor 

26 

VACCINIUM x=12 




atrococcum 

24 

VITIS x=19 


canadense 

24 

labrusca 

38 

vacillans 

24 

rvpestris 

38 

angustifolium 

48 

vinifera 

38 

corymbosum 

48 

gigas 

76 

hirsutum 

48 



pallidum 

72 

ZEA x = 10 


virgatum 

72 

Mays (maize) 

20 
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Albinism, absence of chorophyll, producing an albino, 
albinotic, affected with albinism. 

allelomorph, one of a pair of contrasted characters which are alternative 
to each other in inheritance and which are governed by genes situated 
in homologous chromosomes. 

allo-polyploid, a polyploid having dissimilar sets of chromosomes usually 
differentiated in pairs. 

allo-syndesis, the pairing in a polyploid of chromosomes derived from 
opposite parents. 

anaphase, the stage at which the chromosomes or daughter chromosomes 
move apart in nuclear division at meiosis or mitosis respectively, 
aneuploid, having more than at least one member of the basic set of 
chromosomes than of others, as 4n i 1 > 5n i 1 , etc. 
anther, the male organ in a flowering plant, the portion of the stamen 
which contains the pollen. 

apomixis, abnormal budding and reproduction in the reproductive organs 
without sexual intervention. See Footnote, page 41. 
asexual, without sex or functional sexual organs, 
auto-polyploid, a polyploid having similar sets of chromosomes, 
auto-syndesis, the pairing in a polyploid of chromosomes derived from 
the same parent. 

Back-cross, cross of a hybrid to one of its parents. 

basic number, the number of chromosomes found in the gametes of a 
diploid ancestor of a polyploid, 
bivalent. See univalent, 
bud-sport, a somatic variation. 

Cell, the unit of organic structure, usually containing one nucleus, 
certation, competition in rate of growth of pollen-tubes of different genetic 
type. 

chiasma, an exchange of partners in a system of paired chromatids. See 
page 21. 

chimaera, a plant composed of tissues of two or more genetically distinct 
types. 

chromatid, the half chromosome (derived from longitudinal fission of a 
chromosome) found paired with its sister chromatid at the prophase 
of a division of the nucleus. 

chromosomes, rod-like bodies contained in the nucleus, bearers of the 
hereditary material. 

clone, the collective name of all the plants asexually reproduced by 
division, grafting, etc., from one (seedling) individual. 
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compatible, capable of fertilisation. 

complement, the group of chromosomes, derived from a particular nucleus, 
composed of one, two or more sets 

crossing-over, the interchange of genes usually linked in inh eritance. 
Probably due to the exchange of corresponding segments between 
corresponding chromatids of different chromosomes. 


Daughter-chromosome. See chromatid. 

deficienev ^ 

deletion ^ segment of a chromosome from the complement 

diakinesis, the last stage in the prophase of meiosis. 

diploid, an organism with two sets of chromosomes. 

disjunction, the separation of the chromosomes at anaphase parti '•ularly 
of the first meiotic division. 

disomic, referring to two homologous chromosomes, or genes. 

dominant, a character expressed by one parent which appears in the 
hybrid to the exclusion of the contrasted (recessive) character from 
the other parent. 

duplex, having two dominant genes. 


Emasculation, the removal of the stamens before they l)arst and shed their 
pollen. 

embryo, the rudimentary plant present in a seed, 
endogenous, growing from wdthin ; arising from internal tissues, 
endosperm, the substance which surrounds the embryo, as the si:archy 
part of maize. The albumen of seeds, 
epidermal, relating to the epidermis, 
epidermis, the cellular skin or covering of a plant. 

epistatic, dominance of one of a pair of characters which are not allelg- 
morphic. 

exogenous, arising from the external tissues. 


Fi, the first filial generation, the immediate offspring of a given cross. 

F 2 , the second filial generation, arising from inter-crossing or self -fertilising 
the Fj. 

factor, the unit of heredity, transmitted in the germ -cells. See gene, 
allelomorph. 

fertile, capable of producing fruit, or more strictly, of producing seeds. 

fertilisation, the fusion of male and female germ -cells and of their 
nuclei. 

filament, the stalk of an anther. 

fluctuation, the response of an individual to its environment. See page 168. 


Gametes, cells specialised for fertilisation. A reproductive cell of either sex. 
gene, the unit of reproduction and variation in the hereditary material, 
genotype^ the entire genetic constitution of an organism. 

germ-cells. See gametes, 
gigantism, appearance of giant forms. 

graft, a vegetative union of different individuals, the rooted part being 
termed the atoch^ and the part inserted the scion. 
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graft hybrid, more strictly graft chimaerat a plant composed of two distinct 
types as a result of fusion following grafting. 

\ 

Haploid, having one set of chromosomes. See diploid.^ 
heptaploid, having seven sets of chromosomes. 

heterosis, th© increased vigour often exhibited in the generation of a 
cross. 

heterozygote, a zygote derived from the union of gametes of dissimilar 
genetic constitutions. 

hexaploid, having six sets of chromosomes. 

homology, the similarity of structures in different organisms derived from 
the same ancestral structure. 

homozygote, a zygote derived from the union of gametes of similar genetic 
constitution, 
hybrid, a heterozygote. 

hypostatic, recessive, of non -allelomorphs. See epistatic. 

Incompatibility, the condition where the pollen-tubes are arrested in the 
style and fail to reach the ovules. 

inversion, the reversal of the linear sequence of the genes in a segment of 
a chromosome. 

Lethal factors, genetic factors which render an organism in viable, 
linkage, association of genetic factors in inheritance, due to the factors 
being in the same chromosome. 

Meiosis, the process by which the nucleus divides twice and the chromo- 
somes once, giving daughter nuclei each having half the number of 
chromosomes of the parent nucleus. 

mericlinal chimaera, a plant composed of genetically diverse tissues, with 
one partly surrounding the other ; an incomplete periclinal chimaera. 
metaphase, the stage of mitOvSis or meiosis in which the chromosomes lie 
in a plane at right angles to the axis of the spindle and half way 
between the poles. 

metaxenia, a term erroneously used to denote the influence exerted by foreign 
pollen on the maternal tissue. See page 207. 
mitosis, the nuclear division of the somatic cells, the process by which 
the chromosomes are separated without change into two groups 
forming two daughter nuclei, 
mutation, a sudden variation in an inherited character. 

Nucleus, the most constant constituent of the coll ; contains the chromo- 
somes. 

nulliplex, recessive ; used in polyploids when all the genes for a given 
character are recessive. 

Octoploid, having eight sets of cliromosomes. 

ovary, the part of the flower which contains the ovules ; the immature 
fruit. 

ovule, the body which contains the female germ-cell; and which after 
fertilisation develops into a seed. 
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Parthenacarpy^ the formation of fruit without fertilisation aild without 
seeds. 

parthenogenesis, the development of the female or the majo gamete 
without fertilisation. 

pentaploid, having five sets of chromosomes. 

periclinal chimaera, a plant composed of genetically diverse tissues, wjth 
one completely surrounding the other, 
phenotype, the external appearance produced by the reaction of an organism 
of a given genotype with a given environnient. 
pistil, the female organ of the fiower, consisting, when complete, of ovary, 
style and stigma. 

pollen, the male germ-cells of flowering plants. 

pollen-tuhe, the tube growing out from a germinating pohen-grein and 
passing down from the stigma to the ovary and ovules, 
pollinate, to deposit pollen on the stigma. 

polymeric, non-allelomorphic genes affecting the same character and 
having identical phenotypic results. 

polyploid, an organism with more than two sets of chromosomes, hence 
triploid, tetraploid, hexaploid, etc. 

polysomic, relating to a number of homologous chromosomes or genes, 
prophase, the stage in mitosis or meiosis fiom the appearance of the 
chromosomes to metaphase. 

Quadriplex, having four dominant genes. 

Recessive. See dominant. 

reduction, the halving of the chromosome number at meiosis. 
reversion, the reappearance of an ancestral character not exhibited by 
the immediate parents. • 

rings, chromosomes associated end to end in a ring. 

Scion, a young shoot used for grafting. 

secondary association, the lying together of bivalent chromosomes at 
meiosis. 

secondary polyploid, an alio -polyploid in which some oi the chromosomes 
in the basic set occur more frequently than others, 
sectorial chimaera, a plant with a deeply seated sector of genetically 
distinct tissue. 

segregation, the dissociation of characters from each other in the formation 
of the gametes (germ -cells). 

self-fertilisation, the fertilisation resulting from self-pollination, 
self-pollination, pollination between the pollen and stigmas of the same 
flower or clone. 

set of chromosomes, a minimum group of chromosomes derived from the 
gametic complement of a supposed ancestor, 
simplex, Jiaving one dominant gene (not used in diploids), 
somatic, pertaining to the body. 

Sport, a mutation. 

stamen, the male organ in flowering plants, consisting of anthe^^ and 
filament. 
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stigma, that part of the pistil or style which receives the pollen ; the 
receptive surface of the style. 

Telophase, the last phase of nuclear division. § 

tetraploid, having four sets of chromosomes, 
tetrasomic, relating to four homologous chromosomes, or genes, 
trabant, a segment of a chromosome separated from the main body of 
the chromosome by a long constriction, 
translocation, change in position of a segment of a chromosome to another 
part of the same chromosome, or to a different chromosome, 
triplex, having three dominant genes, 
triploid, having three sets of chromosomes. 

trisomic, an organism with three genes or three chromosomes of one type, 
as 2x + 1. See disomic. 

Univalent, a body at the first meiotic division corresponding to a single 
chromosome of the complement. Bivalents, trivalents, quadri- 
valents, multivalents, etc., are associations of chromosomes held 
together by chiasmata at meiosis. 

Variation, the departure in any direction from the characters of the type, 
resulting from change in the hereditary material, and the process 
by which evolution continues. 

viviparous (in plants), producing asexual ly se})arab]e buds instead of seeds. 
See page 42. 

Xenia, tlie physiological effects of foreign pollen on the maternal tissue of 
the fruit. 

Zygote, the cell formed by the union of gametes and the individual 
derived from it. Cf. heterozygote. 
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Aneuploid, 32, 167 
Anthocyanins, 67 
Anthoxan thins, 72 
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Dianthus, 190 
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mertonensisy 235 
purpurea, 235 
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Diploids, 16, 18, 29, 32 
Disease resistance, in grapes, 248 
in lettuce, 103 
in onion, 105 
in potato, 113 
Dominance, 4 

in polyploids, 59, 241 
Dominant, 4 • 

Double stock, 51 

Doubling of chromosome number, 32, 
222, 225 et seq. 
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in Primula, 59, 236 
in Ruhi, 233 
in Solarium, 93 
Duplex, 37, 95 ^ 

Egg-cells, 2 
Embryo, 210 
Embryo -sac, 42, 210 
Endogenous growth, 17i 
Endosperm, 210, 242 
Epistatic, 10, 84, 103 
Erigeron, 42 

Eriosoma lanigerum, 246 
Euchlaena mexicaua, 42 
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Ever-sporting stock, 51 
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Fertile hybrids, 222, 228, 239 
Fertilisation, 2, 19 
absence of, 41 

Fertility, chromosomes and, 222, 230, 
239 

in fruit, 211, 213, 234 
of species hybrids, 64, 65, 231 
of tetraploids, 65, 222 
Fixation of varieties, 47 
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in polyploids, 60 
Flavone, 73 
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Flower colour, chemistry of, 79 
genetics of, 77, 84 
Fluctuating characters, 181 
Fluctuations, 168 
Foliar glands of peaches, 7, 127 
Fragaria hracteata, 234 
chiloensis, 144, 213 
elatior, 142, 213 
garden varieties, 145 
Helleri, 234 
vesca, 142, 213 
semperflorens, 142 
virginiana, 143, 213 
Fragment, 52 
Fritillaria lanceolata, 20 

Oaleopsis Tetrahit, 235 
Gamete^, 5 
Gametic series, 6, 36 
Oasteria verrucosa, 189 
Gene, 3 
mutation, 225 


Generational sterility, 34, 210 
G«nes, fidtemative, 11 
conjplementary, 9 
diluting, 10 
inhibiting, 10 
intensifying, 10 
interaction of, 10 
lethal, 11 

linear sequence, 24, 27 
linkage of, 25, 26 
multiple, 38 
mutations, 225 
nature of, 4 
Gkjiiotypes, 37 
Germ -cells, 2, 5, 19, 36 
Germ tract, 181 
Giant, 61, 227 
Oodetia, 64 
Gooseberry, 133 

susceptibility to sulphur injury, 135 
Graft-chimaeras, 168 
formation of, 169 
Grafting, 1, 169, 179 
Grapes, 141, 213. 224, 248 

Haploid, 18, 41 
Hemerocallis, 190 
Heptaploid, 211 
Heredity, 2 

mechanism of, 2, 23 
units of, 2 

Hermaphrodite, 15, 129 
Heterosis, 119 
in cucumber, 124 
in maize, 123 
in peas, 120 

in Solarium melongena, 122 
in Sorghum, 122 
in tomato, 124 
Heterostylism, 206 
Heterozygous, 6, 85, 124 
Hexaploid, 31, 211, 229 
Hieracium, 41, 42 
Homologous, 28, 36 
Homozygous, 6 
Hyacinth, 19 

triploid varieties, origin of, 227 
Hybridisation and polyploidy, 39, 228 
Hybrids, 5 

interspecific, 32, 63, 228 
true breeding, 39, 124, 231 
Hypostatic, 10 

Immunity, 244, 246 
to cold, 244 

to disease, 103, 104, 114, 128, 247 
to insects, 246, 247 
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Incompatibility, 183 
and chromosome number, 203 
behaviour \)f, 184 
economic aspects of, 205 
inheritance of, 185 
in apples, 200 
in cherries, 191 
in Nicotiana, 184, 185, 188 
in pears, 200 
in plums, 194 
in Verbascum, 184, 199 
in Veronica, 184 
Incomplete dominance, 7, 162 
Inheritance, 2 
extra -nuclear, 14 
maternal, 14 
' units of, 2 
Interchange hybrids, 28 
Inversions, 28 
and sterility, 223 
Ipomoea imperialis, 61 
Iris albicans, 67 
chamaeiris, 67 
cypriana, 67 
germanica, 67 
Kochii, 67 
macrantha, 67 
mesopotamica, 67 
olbiensis, 67 
pallida, 67 

polyploid varieties, 244 
trojana, 67 

variegata, 67, 244 

• 

Knipeofia corallina, 19 

Laburnum, 170 
Lactuca saliva, 103 
scariola, 103 
Lathyrus odoratus, 9, 43 
male sterility in, 223 
Laxtonberry, 31 
Lens esculenta, 42 
Lethal, 11 
Lettuce, 103 

immunity to mildew, 103 
Leucojum aestivum, 19 
Lilium, 190 

hybrids, sterility in, 223 
pardalinum, 20 
Linaria, 184 

Linear arrangement of genes in the 
chromosome, 24, 27 
Linkage, 12, 24, 27 
cytological basis of, 25 
groups, 12 
in Nicotiana, 185 
in peas, 101 


in Primula, 56 
in sweet peas, 48 
in tomato, 92 
Linum, 206 

usitatissi mum , #5 
Loganberry, 31 
origin of, 231 
Lupins, 250 

Lycopersic'iim esculentum, 89 
pimpinellifolium, 94 
racemigerum, 92 
Ly thrum Salicaria, 206 

Mahdiberry, 31, 211 
Maize, 15, 24 

chromosome map of, 26 
heterosis in, 123 
linkage in, 27 
male sterility in, 223 
vitamin content, 242 
Male sterility, 224 
in peach, 126 
in plum, 223 
in raspberry, 130 
in liuhus chamaemorus, 131 
in strawberry, 224 
Mains baccata, 246 

resistance to cold, 246 
malus, 132, 160 
pumila, 160 
silvestris, 160 
Malvidin, 71 

Maps, gonotical and cytological, 26, 48, 
92 

Matthiola annua, 49 
incana, 49 

ever-sporting singles, 51 
history of, 49 

long and short chromosome strains, 
50 

Meiosis, 19 
Melon, 106 
Mendelian ratios, 5, 7 
segregation, 5 
Mendel’s laws, 7 
Mespilus germanica, 171 
Metaphase, 18, 22 
Metaxenia, 207 
Methylation, 70 
Mitosis, 18 

Multiple allelomorphs, 11, 184 
Mutation, 27 

acceleration of, 237 • 

Natural Selection, 39 
Nectarines, 2, 5, 125, 176 
Nemophila, 64 
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Nicotiana, 184, 185, 188 
Tahacumy 180 
chimaera, 180 

Non-heritable characters, 6, 168 
Nucleus, 14, 242 ^ 

Nulliplex, 37 


Oenin, 141 
Oenothera, 15, 28 
Onion, 104 

immunity to smudge fungus, 105 
Ornamental plants, 43 
triploid, 227 
Ovules, 2, 183 
OxaliSy 206 


Pairing, 21 
Parthenocarpy, 106 
Parthenogenesis, 40 
diploid, 42 
female, 41 
haploid, 41 
male, 42 

Peach, 2, 5, 125, 175, 224 
Pear, 153 
diploid, 218 
russet skin, 153 
tetraploid, 176, 226 
triploid, 217 
origin of, 227 
Peas, 95 

chromosome rings, 97 
genes in, 98-100 
history, 95 
linkage groups, 101 
Pelargonidin, 70 
Pelargonium, 172, 173, 181 
Pentaploid, 31, 115, 238 
Peonidin, 71 
Petunia, 190 
pH of cell sap, 72 
Phacelia, 64 
Phylloxera, 248 
Pisum arvense, 95 
sativum, 95 
Plasmopara, 248 
Plastid pigments, 74 
Plum, 147 

inheritance of fruit colour, 147 
of fruit shape, 151 
of fruit size, 149 
Point of attachment, 18, 22 
Pollen, 2, 183 
germination, 214, 216, 218 
grains, 19 
tubes, 184 


•Polyploids, 32 
«nd fen ility, 222 
and variation, 40, 87, 162, 241 
induction of, 93 
Potato, 17, 106 
chimaeras, 114, 177 
cytology, 114 
flower colour, 111 
history, 106 

immunity to waH disease, 113 
secondary ^dissociation in, 116 
tuber colour, 109 
shape, 113 
Pri.nula acaulis, 63 
elatior, 63 
floribumla, 65 
Juliae, 63 

kewensis, 32, 40, 65, 222 
officinalis, 63 
sinensis, 11, 53, 222, 226 
diploid, 55 
history of, 53 
linkage groups, 56-7 
list of genes, 55-6 
tetraploid, 59 
unreduced gametes, 59 
vertirillata, 65 
Propagation, 1, 172 
Prophase, 18, 22 
Pruyius americana, 153 
armeniaca, 212 
avium, 138, 190, 212, 221 
xcerasus, 140, 221 
c eras if era, 212 
Pissardi, 147 
ccrasus, 140, 212 
divaricata, 229 
domestica, 148, 212, 229 
origin of, 229 
insititia, 153, 212 
mume, 213 
nana, 212-13 
persica, 2, 125, 212 
spinosa, 153, 212, 229 
Pure lines, 6 

Pyrus communis, 153, 226 
serotina, 153 

QUADRirLEX, 36 
Quadrivalent, 33 
Qualitative characters, 13 
Quantitative characters, 13 
Quercetin, 73 

Radish, 101 
root shapes, 101 
i Raphanus sativus, 101 
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Raspberry, 10, 17, 31, 127 
inheritance of sex, 129 
sex correlations, 129 
tetraploid varieties, 222 
Ratios, mendelian, 7 
polyploid, 36, 37 
Recessive, 4, 11, 162 
Reciprocal differences, 15, 195, 220 
Recombination, 21, 23 
Red currants, 136, 176 
Reduction division, 20 
Reproduction, 1 
asexual, 1, 40 
parthenogenetic, 41 
sexual, 1 
viviparous, 42 
Repulsion, 13, 26 
Resting stage, 1 8 
Reversion, 9, 48 
Ribes grosmlaria, 133 
inermia, 134 
nigrum, 136 
rubrum, 136 

Rings, chromosome, 28, 29, 97 
Root cuttings, 172, 181 
Rosa, 41, 178 

Rose “ Mrs. W. J. Grant ”, 178 
“ Mermaid ”, 223 
Rubus, apomixis in, 236 
chamaemorus, 131 
idaeus, 10, 127 
obtusifolius, 130 
loganobaccus, 232 
^Merton Thornless, 245 
neglectus, 133 
niveus, 231 
rusticanus, 233 
inermis, 239, 243 

diploid and tetraploid forms, 243 
atrigosus, 231 
th'^siger, 239 
vitifolius, 231 
Rudbeckia hirta, 61 
Rumex, 131 

S AX j FRAG A granulata, 235 
potternenais, 235 
rosacea, 235 
Scion, 169 

Secondary association, 35, 83, 116 
polyploids, 34 
sexual characters, 131 
Segregation, 4, 23 
in polyploids, 36, 95 
Selection, 39, 43 

Self -sterility, 183. See also Incom- 
patibility 
Simplex, 37 


Solanum, 115 

Commersonii, 118 
coyocanum, 118 
etuberoaum, 112 
luteum, 170 ^ 
medians, 118 
melongena, 122 
tuberosum, 106 
verrucosum, 112 
Somatic variations, 168, 180 
Spartina alterni flora, 236 
atricta, 235 
Townsendii, 235 

Species, new polyploid, 228, 231 
Sphaerotheca mora-uvae, 135 
Sterility, 210 

and chromosome number, 211 
generational, 210 
interspecific, 219, 221 
morphological, 210, 223 
Stock, garden, 49 
Strawberry, 141 
history, 141 
polyploidy, 146 
sterility in, 224 

Streptocarpus, chemistry of flower 
colour, 79 
Dumni, 77 
garden hybrids, 78 
Oardenii, 77 

genetics of flower colour, 78 
grandis, 237 
Merton Giant, 237 
Rexii, 77 

Sugar radicles, 70, 79 
Sweet pea, 43 

chromosome map, 48 
history, 43 

linkage groups, 45, 48 
linkage in, 12, 48 
list of genes, 45 
reversion, 9, 48 

Synchytrium endobioticum, 113-14 

Taraxacum, 42 
Tetraploid, 31 
hybrids, 32 
pairing in, 33 
Tolmiea Menzieaii, 204 
Tomato, 17 

chromosome map, 92 
diploid, 89 
heterosis, 124 
history, 89 

increased yield in Fj, 124 
induction of tetraploids, 93 
linkage groups, 92 
list of genes, 90 
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tetraploid, 93 
vitamin content, 94 
Trabant, 62 
Tradeacantiaf 190, 238 
Triplex, 36 ^ 

Triploids, 31 

in horticulture, 227 
Tri valent, 33 
Tropaeolum majus, 61 
Tulip, “ breaking ” in, 179 

triploid varieties, origin of, 227 
Turnip, 106, 235 

Unit-characters, 4 
Univalent, 33 
Unreduced gametes, 32 
Utilisation of hybrid vigour, 119, 122 

VAGCiyiuM, 213 
Variation, 1, 38, 241 
continuous, 38, 88, 158 
discontinuous, 2 
in polyploids, 38, 241 
somatic, 168 
Variegation, 61, 181 

and irrfectious transmission, 61, 179 

oxtra-niicloar, 61 

in Abutilon, 179 

in Pelargonium^ 181 

in Tropaeolum^ 61 

mendolian, 61 


•Varieties, 225 

and immunity to disease, 128, 248 
in lettuocj, 103 
in onion, lO*^ 
in potato, 113 

and immunity to insects, 247, 248 
origin of, 27, 225 
Veitchberry, 31, 211, 233 
origin, 233 
Verhascum, 184, 199 
Verbena, anthccyanins in, 76 
Veronicay 184 
Vieia Faha^ 15, 106 
sitivay 42 

Vigour in hybrids, 1 19 
Viola tricolor nigra, 61 
Vitamins, 242, 244 
Vitis, 141 

disease resistance, 248 
rupestrifi, 141, 248 
vinifera, 248 
Vivipary, 42 

Walnut, 209 

White currants, 136, 176 

X-RAYS, 61 
Xanthophyll, 74 
Xenia, 206 

Zygote, 6, 19 
Zygotic series, 8, 36 
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